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Preface 


For  thousands  of  years,  humans  have  used  psychoactive 
substances  to  modify  their  perceptions  and  mood. 
Throughout  most  of  this  period,  plants  were  the  sole 
source  of  these  powerful  mind-altering  agents,  and  the 
agents  themselves  remained  shrouded  in  mystery.  How- 
ever, things  began  to  change  dramatically  with  the  birth 
of  modern  chemistry  in  the  nineteenth  century.  First, 
chemists  could  now  extract,  purify,  and  identify  the  active 
ingredients  that  conferred  psychoactive  properties  on  a 
particular  plant  species.  Second,  the  growing  sophistica- 
tion of  chemical  synthesis  techniques  allowed  medicinal 
chemists  to  develop  new  drugs  that  could  be  used  to  treat 
various  diseases,  including  mental  disorders.  Most  recent- 
ly, powerful  techniques  of  biochemistry  and  of  cellular 
and  molecular  biology  have  provided  insights  into  the 
mechanisms  of  drug  action  that  would  have  been 
unimaginable  just  a few  decades  ago. 

Indeed,  the  rate  of  new  discovery  in  psychopharmacol- 
ogy has  reached  breathtaking  proportions.  A bibliograph- 
ic search  of  the  National  Library  of  Medicine  found  that 
during  2003  alone,  over  1,700  scientific  articles  were  pub- 
lished that  contained  the  word  “alcohol”  in  the  title.  You, 
the  student,  are  fortunate  to  be  studying  psychopharma- 
cology at  such  an  exciting  time.  One  aim  of  our  book  is  to 
convey  that  excitement  as  you  begin  your  exploration  of 
the  many  psychoactive  drugs  and  their  uses.  Another  key 
aim  is  to  help  you  learn  not  merely  what  various  sub- 
stances do  in  terms  of  their  subjective  and  behavioral 
effects,  but  also  how  these  effects  occur.  Our  underlying 
philosophy  is  that  a full  appreciation  of  psychopharmacol- 
ogy requires  some  understanding  of  the  mechanisms  of 
drug  action.  This  philosophy  is  reflected  in  the  organiza- 
tion of  this  book  as  well  as  the  depth  of  coverage  given  to 
mechanistic  studies  in  both  humans  and  relevant  animal 
models. 

The  present  book  grew  out  of  a more  advanced  text, 
Principles  of  Neuropsychopharmacology,  authored  by  us 
together  with  our  former  colleague  and  mentor,  Robert  S. 
Feldman  (now  retired).  However,  Psychopharmacology: 
Drugs , the  Brain , and  Behavior  is  much  more  than  just  a 
condensed  and  updated  version  of  our  earlier  book.  We 


have  striven  to  engage  your  interest  with  a variety  of  new 
features,  including  chapter-opening  vignettes,  breakout 
boxes  presenting  novel  or  cutting-edge  topics  for  special 
discussion,  and  many  full-color  photographs  and  illustra- 
tions depicting  important  concepts  and  experimental 
data.  We  have  also  used  a balanced  approach  to  convey  the 
full  breadth  of  our  field,  ranging  from  historical  accounts 
of  drug  use,  to  clinical  and  preclinical  behavioral  studies, 
to  the  latest  research  on  drug  receptors  and  on  drug 
effects  in  genetically  engineered  mice. 

Psychopharmacology:  Drugs , the  Brain , and  Behavior  is 
divided  into  four  sections.  Chapters  1 through  4 provide 
extensive  foundation  materials,  including  the  basic  prin- 
ciples of  pharmacology,  neurophysiology  and  neu- 
roanatomy, synaptic  transmission,  and  research  methods 
in  psychopharmacology.  Chapters  5 through  7 describe 
key  features  of  major  neurotransmitter  systems,  including 
the  catecholamines,  serotonin,  acetylcholine,  glutamate 
and  GABA.  These  are  the  neurotransmitters  most  com- 
monly associated  with  psychoactive  drug  effects.  Chapters 
8 through  15  discuss  theories  and  mechanisms  of  drug 
addiction,  with  comprehensive  coverage  of  all  major  sub- 
stances of  abuse.  Chapters  16  through  18  consider  the  bio- 
chemical bases  of  psychopathology  and  the  drugs  used  to 
treat  disorders  of  mood,  anxiety  disorders,  and  schizo- 
phrenia. There  is  an  outline  at  the  beginning  of  each 
chapter  that  shows  the  organization  of  the  chapter.  These 
outlines  should  be  useful  to  instructors  for  determining 
class  reading  assignments  and  to  students  for  identifying 
the  major  topics  covered  in  each  chapter. 

Although  the  use  of  psychoactive  drugs  is  not  a recent 
phenomenon,  never  before  has  a society  become  so 
dependent  on  these  substances,  whether  for  their  mood- 
altering  properties  in  recreational  settings  or  for  the 
remarkable  benefits  they  provide  to  so  many  psychiatric 
patients.  Psychopharmacology:  Drugs , the  Brain , and  Behav- 
ior will  help  you  understand  the  characteristics  of  psy- 
choactive drugs,  their  psychological  and  behavioral  effects, 
and  the  mechanisms  by  which  such  effects  occur.  We  trust 
that  you  will  enjoy  reading  the  book  as  much  as  we  have 
enjoyed  writing  it. 
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lthough  we  intuitively  feel  that  we  know  what  a drug  is,  its  defini- 
tion changes  from  culture  to  culture  and  even  within  a culture  over 
time.  Drugs  may  be  herbal  antidotes  and  vitamins,  expensive  pre- 
scription medications,  or  illicit  substances  used  for  recreation.  Although  we 
like  to  think  that  we  understand  drug  effects,  there  are  cases  when  responses 
to  drugs  seem  quite  bizarre  and  unpredictable.  Here  are  a few  examples: 


Commonly  available  plants  and  roots  have  a long 
history  of  medicinal  use. 


Poison  arrow  toxins  Curare  is  a natural  product  taken  from  trees  and  bushes  by  South 
American  hunters  to  tip  their  poison  arrows.  The  drug  paralyzes  the  animal  and  quick- 
ly depresses  respiration  and  causes  death.  Isn’t  it  odd  that  although  the  curare  remains 
in  the  animal  tissue  and  is  not  destroyed  by  cooking,  the  hunters  do  not  experience 
any  of  the  drugs  effects  when  consuming  the  meat? 

Urine  testing  Drug  testing  for  marijuana  use  is  becoming 
increasingly  common  in  schools  and  on  the  job.  But  how  can  a 
urine  test  detect  the  drug  in  an  individual  after  only  one  admin- 
istration and  long  after  intoxication  is  ended? 

Failed  birth  control  pills  Women  taking  certain  medications  such 
as  carbamazepine  to  control  their  epileptic  seizures  show  a signifi- 
cantly higher  occurrence  of  “failures”  in  their  oral  contraceptives, 
leading  to  unwanted  pregnancies.  Under  what  circumstances  could 
using  certain  prescription  drugs  increase  a womans  probability  of 
pregnancy? 

Ordinary  foods  as  poisons  Have  you  heard  of  strange  cases  in 
which  food  becomes  quite  toxic?  Foods  rich  in  tyramine — Ched- 
dar, Roquefort,  and  Camembert  cheeses,  pickled  herring,  red 
wine,  beer,  and  chicken  livers — may  suddenly  cause  a dangerous 
increase  in  blood  pressure,  cardiac  arrhythmias,  and  fatal  cere- 
bral hemorrhage  if  consumed  in  combination  with  certain  anti- 
depressant medications.  How  can  a normal  diet  interact  with 
prescription  drugs  in  such  a dangerous  manner? 

Unexpected  overdose  Approximately  1%  of  all  heroin  addicts  in 
the  United  States  die  from  heroin  overdose  each  year.  In  many 
instances  the  fatal  dose  was  no  different  from  the  one  the  addict 
used  just  the  day  before.  How  could  the  same  dose  that  the  indi- 
vidual used  safely  for  weeks  and  weeks  suddenly  become  so 
lethal? 


4 Chapter  1 


Are  the  preceding  examples  real  medical  mysteries,  or  can 
basic  understanding  of  the  principles  of  pharmacology  explain 
the  unusual  effects  observed?  As  you  read  this  chapter,  you  will 
be  able  to  unravel  these  surprising  puzzles.  The  chapter  begins 
with  a consideration  of  physiological  factors  that  determine 
how  much  of  the  drug  we  ingest  gets  into  the  blood,  how 
quickly  that  happens,  and  how  long  the  drug  remains  active. 
The  second  part  of  the  chapter  deals  with  drug-receptor 
dynamics;  that  is,  how  the  drug  interacts  with  proteins  in 
nerve  cell  membranes  to  initiate  biobehavioral  effects. 


Pharmacology:  The  Science  of  Drug  Action 

Pharmacology  is  the  scientific  study  of  the  actions  of  drugs 
and  their  effects  on  a living  organism.  Until  the  beginning  of 
the  last  century,  pharmacology  studied  drugs  that  were  almost 
all  naturally  occurring  substances.  The  importance  of  plants 
to  the  lives  of  ancient  man  is  well  documented.  Writings  from 
as  early  as  1500  b.c.  describe  plant-based  medicines  used  in 
Egypt  and  in  India.  The  Ebers  Papyrus  describes  the  prepara- 
tion and  use  of  more  than  700  remedies  for  ailments  as  varied 
as  crocodile  bites,  baldness,  constipation,  headache,  and  heart 
disease.  Of  course,  many  of  these  treatments  included  ele- 
ments of  magic  and  incantation,  but  there  are  also  references 
to  some  modern  drugs  such  as  castor  oil  and  opium.  The 
Chinese  also  have  a very  long  and  extensive  tradition  in  the 
use  of  herbal  remedies  that  continues  today.  World  Health 
Organization  estimates  suggest  that  in  modern  times,  as  many 
as  80%  of  the  people  in  developing  countries  are  totally 
dependent  on  herbs  or  plant-derived  medicinals.  And  in  the 
United  States,  modern  herbal  medicines  or  drugs  based  on 
natural  products  represent  half  of  the  top  25  drugs  on  the 
market  (Hollinger,  1997).  Box  1.1  discusses  the  benefits  and 
dangers  of  herbal  remedies. 

Placed  in  historical  context,  drug  development  in  the 
United  States  is  in  its  infancy.  Nevertheless,  the  rapid  intro- 
duction of  many  new  drugs  by  the  pharmaceutical  industry 
has  forced  the  formation  of  several  specialized  areas  of  phar- 
macology. Two  of  these  areas  are  of  particular  interest  to  us. 
Neuropharmacology  is  concerned  with  drug-induced 
changes  in  the  functioning  of  cells  in  the  nervous  system, 
while  psychopharmacology  emphasizes  drug-induced 
changes  in  mood,  thinking,  and  behavior.  In  combination, 
the  goal  of  neuropsychopharmacology  is  to  identify  chemi- 
cal substances  that  act  upon  the  nervous  system  to  alter 
behavior  that  is  disturbed  due  to  injury,  disease,  or  environ- 
mental factors.  Additionally,  neuropsychopharmacologists 
are  interested  in  understanding  the  neurobiology  of  behav- 
ior, utilizing  chemical  agents  as  probes. 

When  we  speak  of  drug  action,  we  are  referring  to  the 
specific  molecular  changes  produced  by  a drug  when  it  binds 
to  a particular  target  site  or  receptor.  These  molecular 


changes  lead  to  more  widespread  alterations  in  physiological 
or  psychological  functions,  which  we  consider  drug  effects. 
The  site  of  drug  action  may  be  very  different  from  the  site  of 
drug  effect.  For  example,  atropine  is  a drug  used  in  ophthal- 
mology to  dilate  the  pupil  of  the  eye  before  eye  exams. 
Atropine  has  a site  of  action  (the  eye  muscles  of  the  iris)  that 
is  close  to  the  site  of  its  ultimate  effect  (widening  the  pupil), 
so  it  is  administered  directly  to  the  eye.  In  comparison,  mor- 
phine applied  to  the  eye  itself  has  no  effect.  Yet  when  it  is 
taken  internally,  the  drug  s action  on  the  brain  leads  to  “pin- 
point” pupils.  Clearly,  for  morphine,  the  site  of  effect  is  far 
distant  from  its  initial  action. 

Keep  in  mind  that  because  drugs  act  at  a variety  of  target 
sites,  they  always  have  multiple  effects.  Some  may  be  thera- 
peutic effects,  meaning  that  the  drug-receptor  interaction 
produces  desired  physical  or  behavioral  changes.  All  other 
effects  produced  are  referred  to  as  side  effects,  and  they  vary 
in  severity  from  mildly  annoying  to  distressing  and  danger- 
ous. For  example,  amphetamine-like  drugs  produce  alertness 
and  insomnia,  increased  heart  rate,  and  decreased  appetite. 
Drugs  in  this  class  reduce  the  occurrence  of  spontaneous 
sleep  episodes,  characteristic  of  the  disorder  called  narcolep- 
sy, but  produce  anorexia  (loss  of  appetite)  as  the  primary 
side  effect.  In  contrast,  the  same  drug  may  be  used  as  a pre- 
scription diet  control  in  weight  reduction  programs.  In  such 
cases,  insomnia  and  hyperactivity  are  frequently  disturbing 
side  effects.  Thus  the  therapeutic  and  side  effects  change 
depending  on  the  desired  outcome. 

The  drug  effects  we  have  described  so  far  have  been  spe- 
cific drug  effects,  defined  as  those  based  on  the  physical  and 
biochemical  interactions  of  a drug  with  a target  site  in  living 
tissue.  In  contrast,  nonspecific  drug  effects  are  those  that  are 
based  not  on  the  chemical  activity  of  a drug-receptor  inter- 
action but  on  certain  unique  characteristics  of  the  individ- 
ual. It  is  quite  clear  that  an  individual's  background  (e.g., 
drug- taking  experience),  present  mood,  expectations  of  drug 
effect,  perceptions  of  the  drug-taking  situation,  attitude 
toward  the  administering  physician,  and  other  factors  influ- 
ence the  outcome  of  drug  use.  Nonspecific  drug  effects  help 
to  explain  why  the  same  individual  self-administering  the 
same  amount  of  ethyl  alcohol  may  experience  a sense  of 
being  lighthearted  and  gregarious  on  one  occasion  and 
depressed  and  melancholy  on  another.  The  basis  for  such  a 
phenomenon  may  well  be  the  varied  neurochemical  state 
existing  in  the  individual  at  different  times,  over  which  spe- 
cific drug  effects  are  superimposed. 

One  common  example  of  nonspecific  effects  is  that  of  the 
placebo.  Many  of  you  will  automatically  think  of  a placebo 
as  a “fake”  pill.  A placebo  is  in  fact  a pharmacologically  inert 
compound  administered  to  an  individual;  however,  in  many 
instances  it  has  not  only  therapeutic  effects  but  side  effects 
as  well.  Just  as  many  of  the  symptoms  of  illness  may  have 
psychogenic  or  emotional  origins,  belief  in  a drug  may  pro- 
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BOX  1.1 


Pharmacology  in  Action 


Herbal  Medicine- 
Panacea  or  Hazard? 


Would  you  be  likely  to  drink  a tea  of 
dried  stem  barks  of  Strychnosmyro- 
toides  to  combat  malaria  or  subject 
yourself  to  bee  stings  to  get  a mega- 
dose of  natural  steroids  to  relieve  the 
signs  of  arthritis  or  chew  kaolin  (white 
clay)  to  relieve  morning  sickness? 
Probably  not,  but  plants  and  other 
natural  products  have  a long  history 
of  medicinal  use  and  still  play  a signif- 
icant role  in  modern  healing  systems. 
There  are  many  examples  of  the  his- 
torical role  of  plants  in  medicine. 

The  modern  herbalist  administer- 
ing mistletoe  for  epilepsy,  hyperten- 
sion, and  hormone  imbalance  reflects 
the  early  Roman  use  of  mistletoe  for 
seizures,  to  heal  ulcers,  and  to  enhance 
fertility  in  women.  Much  of  early  med- 
ical treatment  was  undertaken  by 
priest  doctors  or  shamans  who  includ- 
ed elements  of  magic  and  the  super- 
natural into  the  therapeutic  regimen. 
But  even  in  modern  times,  in  much  of 
the  world  healers  with  a special  under- 
standing of  plants  and  of  sacred  arti- 
facts supply  the  therapeutic  treat- 
ments for  the  community.Their  skill 
comes  from  experience  (trial  and 
error)  and  knowledge  passed  down 
from  previous  generations. 

Many  of  the  ancient  healing  plants 
continue  to  play  a role  in  modern 
society  as  a source  of  conventional 
therapeutic  agents,  as  with  the  extrac- 
tion of  morphine  from  the  opium 
poppy.  Until  the  1 960s  childhood 
leukemia  was  almost  certainly  fatal. 
But  a chemotherapeutic  drug  made 
from  the  Madagascar  rosy  periwinkle 
has  raised  the  long-term  survival  rate 
to  over  90%  (Swerdlow,  2000).  Digital- 
is (used  to  treat  heart  failure)  comes 
from  the  leaves  of  the  foxglove  plant, 
and  ephedrine  (used  for  a variety  of 
respiratory  conditions)  comes  from 
the  ephedra  plant. 


Besides  using  the  plant  extracts 
themselves,  drug  developers  fre- 
quently use  natural  products  as  tem- 
plates for  synthetic  or  semisynthetic 
pharmaceuticals.  Many  Westerners  are 
turning  toward  herbal  remedies 
because  they  are  perceived  as  being 
gentler  and  more  natural  and  having 
fewer  side  effects.Today,  scientists 
join  with  shamans  in  a search  for  heal- 
ing plants  that  treat  cancer,  prevent 
heart  disease,  stop  pain,  and  cure 
other  ailments. 

Shaman  Pharmaceuticals  was 
formed  in  the  early  1 990s  as  a consor- 
tium of  larger  drug  companies  with 
the  goal  of  supporting  increased 
acquisition  and  evaluation  of  plant 
materials,  particularly  from  the  tropi- 
cal rain  forests  endangered  by 
exploitation  (Hollinger,  1997). 
Although  these  changes  reflect  a new 
interest  in  preserving  biodiversity  and 
the  cultural  history  that  goes  with  it, 
the  amount  of  money  spent  on  pro- 
ducing plant-based  prescription  med- 
ications is  limited  by  the  fact  that 
plant  evaluation  requires  a huge 
investment  of  time  and  money  with 


often  limited  outcome.  Also,  modern 
Western  emphasis  on  genetic 
research  focuses  on  understanding 
the  pathological  process  in  a particu- 
lar disease  and  attempting  to  design  a 
molecule  (synthetic)  that  repairs  it. 
These  factors  limit  the  enthusiasm  for 
research  into  ethnobotony. 

As  wonderful  as  the  discoveries 
have  been,  there  is  a dark  side  to 
herbal  remedies.  Despite  consumers' 
enthusiasm  for  medicinal  herbs,  many 
scientists  and  medical  practitioners 
feel  that  herbs  need  far  more  regula- 
tion. Many  think  that  Americans  are 
engaged  in  a vast,  uncontrolled 
experiment.  Some  estimates  suggest 
that  1 2.1  % of  Americans  spent  over 
$5  billion  in  1997  alone  (Swerdlow, 
2000)  on  herbal  remedies  that  have 
not  been  evaluated  by  the  Food  and 
Drug  Administration  (FDA).  Because 
herbal  medicines  are  classified  as 
dietary  supplements,  the  FDA  does 
not  monitor  the  quality  control  of  the 
many  products  on  the  market. 

Lacking  such  control,  the  concen- 
tration and  purity,  as  well  as  the  effec- 
tiveness, of  a particular  herbal  medi- 


Foxglove  [Digitalis  purpurea)  is  the  source  of  the  cardiotonic  drug  digitalis.  Po- 
tency can  vary  greatly  according  to  growing  conditions,  and  an  overdose  can  be 
fatal,  so  safe  preparations  from  foxglove  leaves  require  standardization  with  modern 
pharmacological  techniques. 

(continued  on  next  page) 
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BOX  1.1  (continued) 

cine  vary  from  brand  to  brand  and 
even  between  batches  produced  by 
the  same  manufacturer. Those  who 
use  herbal  medications  or  dietary 
supplements  must  do  so  at  their  own 
risk,  and  those  risks  may  be  all  too 
real.  Dietary  supplements  have  been 
known  to  cause  serious  asthma 
attacks,  blood  clots,  liver  scarring, 
impotence,  kidney  failure,  and 
seizures. Some  herbal  supplements 
interact  in  dangerous  ways  with 
physician-prescribed  medications  and 
may  pose  a special  hazard  if  used 
before  surgical  procedures. 

Although  it  is  clear  that  plants  con- 
tain biologically  active  chemicals,  it  is 
still  unclear  if  any  particular  herbal 
product  is  in  fact  more  effective  than 
a placebo.The  single  greatest  difficul- 
ty in  the  evaluation  process  is  the  fact 
that  in  most  cases  scientists  have 
been  unable  to  identify  which  chemi- 
cal or  combination  of  chemicals  is 
responsible  for  the  reduction  of  blood 
pressure,  relief  of  pain,  or  improve- 
ment in  mood. The  active  ingredient 
in  the  herb  has  not  been  extracted  for 
identification. 

In  order  to  run  trials  of  effective- 
ness, one  needs  to  administer  the 


same  dose  of  the  active  ingredient  to 
each  subject  before  making  objective 
measurements  and  also  demonstrate 
dose-dependent  pharmacological 
effects.  Unfortunately,  the  concentra- 
tion remains  unspecified  in  herbal 
preparations.  If  a particular  individual 
finds  that  an  herb  is  effective  in 
reducing  his  depression,  for  example, 
he  will  not  know  what  dose  was  taken 
nor  whether  the  preparation  will  con- 
tain the  same  dose  the  next  time  he 
purchases  it. 

When  screened,  some  herbal 
preparations  have  been  found  to  con- 
tain none  of  what  is  listed  on  the 
label.  Unfortunately, even  products 
from  highly  reputable  manufacturers 
are  variable,  because  the  final  effec- 
tive concentration  will  depend  on  fac- 
tors such  as  plant  growing  conditions, 
portions  of  the  plants  utilized,  and 
even  how  long  the  herbal  preparation 
has  been  sitting  on  the  store  shelf.  In 
an  examination  of  ginseng  products,  a 
10-fold  difference  in  the  active  ingre- 
dient was  found  despite  the  labeled 
content  being  identical.  In  other 
cases,  analysis  of  herbal  medicines 
sold  in  California  showed  that  32% 
contained  at  least  one  drug  or  con- 


taminant— including  lead,  arsenic, 
and  mercury — not  listed  on  the  label. 
The  dietary  supplement  L-tryptophan 
was  removed  from  the  market  when 
36  people  died  and  1 500  became  seri- 
ously ill,  apparently  due  to  the  63  con- 
taminants found  in  the  preparation 
(Brody,  1998). 

Other  critics  of  herbal  remedies 
also  contend  that  the  confidence  in 
limited  side  effects  is  naive.  Since  the 
herbs  contain  dilute,  biologically 
active  chemicals,  they  will  certainly 
produce  some  effects  that  are  unde- 
sirable or  dangerous  and  there  is  the 
risk  of  potential  interactions  with 
other  drugs.  Self-medication  with  St. 
John's  wort,  for  example,  has  been 
shown  to  alter  the  blood  levels  of  pre- 
scription antidepressants  and  other 
drugs,  and  is  known  to  interact  with 
medications  used  to  treat  HIV  infec- 
tion. More  recently,  concern  has  been 
raised  over  self-medication  with 
estrogen-containing  products,  which 
may  be  particularly  hazardous  to 
women  with  estrogen-sensitive 
tumors.  Herbal  remedies  thus  repre- 
sent both  a boon  to  good  health  and 
a potential  hazard. 


duce  real  physiological  effects  despite  the  lack  of  chemical 
activity.  The  effects  are  not  limited  to  the  individuals  subjec- 
tive evaluation  of  relief,  but  include  measurable  physiological 
changes  such  as  altered  gastric  acid  secretion,  blood  vessel 
dilation,  hormonal  changes,  and  so  forth. 

In  a classic  study,  two  groups  of  patients  with  ulcers  were 
each  given  a placebo.  In  the  first  group,  the  medication  was 
provided  by  a physician  who  assured  the  patients  that  the 
drug  would  provide  relief.  The  second  group  also  received 
the  placebo,  but  it  was  administered  by  a nurse  who 
described  it  as  experimental  in  nature.  In  group  1,  70%  of 
the  patients  found  significant  relief,  while  in  group  2,  only 
25%  were  helped  by  the  “drug”  (Levine,  1973). 

In  pharmacology,  the  placebo  is  essential  to  the  design  of 
experiments  evaluating  the  effectiveness  of  new  medications 
because  it  eliminates  the  influence  of  expectation  on  the  part 
of  the  patient.  This  control  group  is  identical  to  the  experi- 
mental group  in  all  ways,  and  the  subjects  are  unaware  of  the 
substitution  of  an  inactive  substance  (e.g.,  a sugar  pill  or 


saline  injection)  for  the  test  medication.  Comparison  of  the 
two  groups  provides  information  on  the  effectiveness  of  the 
drug  beyond  subject  expectation. 

The  large  contribution  of  nonspecific  factors  and  the  high 
and  variable  incidence  of  placebo  responders  make  the  dou- 
ble-blind experiment  highly  desirable.  In  these  experiments, 
neither  the  patient  nor  the  observer  knows  what  treatment 
the  patient  has  received.  Such  precautions  ensure  that  the 
results  of  any  given  treatment  will  not  be  colored  by  overt  or 
covert  prejudices  on  the  part  of  either  the  patient  or  the 
observer.  If  you  would  like  to  read  more  about  the  use  of 
placebos  in  both  clinical  research  and  therapeutics  and  the 
associated  ethical  dilemmas,  refer  to  the  articles  by  Brown 
(1998)  and  Rothman  and  Michels  (1994). 

Throughout  this  chapter  we  will  be  using  examples  that 
include  both  therapeutic  and  recreational  drugs  that  affect 
mood  and  behavior.  Since  there  are  usually  several  names  for 
the  same  substance,  it  may  be  helpful  to  understand  how 
drugs  are  named  (Box  1.2). 
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Pharmacokinetic  Factors  Determining 
Drug  Action 

Although  it  is  safe  to  assume  that  the  chemical  structure  of 
a drug  determines  its  action,  it  quickly  becomes  clear  that 
additional  factors  are  also  powerful  contributors.  The  dose 
of  the  drug  administered  is  clearly  important,  but  more 
important  is  the  amount  of  drug  in  the  blood  that  is  free  to 
bind  at  specific  target  sites  (bioavailability)  to  elicit  drug 
action.  The  following  sections  of  this  chapter  describe  in 
detail  the  dynamic  factors  that  contribute  to  bio  availability. 
Collectively,  these  factors  constitute  the  pharmacokinetic 
component  of  drug  action;  they  are  listed  below  and  illus- 
trated in  Figure  1.1. 

1.  Routes  of  administration.  How  and  where  a drug  is 
administered  determines  how  quickly  and  how  com- 
pletely the  drug  is  absorbed  into  the  blood. 

2.  Absorption  and  distribution.  Because  a drug  rarely  acts 
where  it  initially  contacts  the  body,  it  must  pass  through 
a variety  of  cell  membranes  and  enter  the  blood  plasma, 


which  transports  the  drug  to  virtually  all  of  the  cells  in 
the  body. 

3.  Binding.  Once  in  the  blood  plasma,  some  drug  molecules 
move  to  tissues  to  bind  to  active  target  sites  (receptors). 
While  in  the  blood,  a drug  may  also  bind  (depot  bind- 
ing) to  plasma  proteins  or  may  be  stored  temporarily  in 
bone  or  fat,  where  it  is  inactive. 

4.  Inactivation.  Drug  inactivation,  or  biotransformation, 
occurs  primarily  as  a result  of  metabolic  processes  in  the 
liver.  The  amount  of  drug  in  the  body  at  any  one  time  is 
dependent  on  the  dynamic  balance  between  absorption 
and  inactivation.  Therefore,  inactivation  influences  both 
the  intensity  and  duration  of  drug  effects. 

5.  Excretion.  The  liver  metabolites  are  eliminated  from  the 
body  with  the  urine  or  feces.  Some  drugs  are  excreted  in 
an  unaltered  form  by  the  kidneys. 

Although  these  topics  will  be  discussed  sequentially  in  the 
following  pages,  keep  in  mind  that  in  the  living  organism, 
these  factors  are  at  work  simultaneously.  In  addition  to 
bioavailability,  the  drug  effect  expe- 
rienced will  also  depend  on  how 
rapidly  the  drug  reaches  its  target, 
the  frequency  and  history  of  prior 
drug  use  (see  the  discussion  on  tol- 
erance later  in  the  chapter),  and, 
finally,  nonspecific  factors  that  are 
characteristics  of  the  individual  and 
his  environment. 

Methods  of  drug 
administration  influence 
the  onset  of  drug  action 

The  route  of  administration  of  a 
drug  determines  how  much  drug 
reaches  its  site  of  action  and  how 
quickly  the  drug  effect  occurs.  Oral 
administration  (PO)  is  the  most 
popular  route  for  taking  drugs 
because  it  is  safe,  self-administered, 
economical,  and  avoids  the  compli- 
cations and  discomfort  of  injection 
methods.  Drugs  that  are  taken  oral- 
ly come  in  the  form  of  capsules, 
pills,  tablets,  or  liquid,  but  to  be 
effective,  the  drug  must  dissolve  in 
stomach  fluids  and  pass  through 
the  stomach  wall  to  reach  blood 
capillaries.  In  addition,  the  drug 
must  be  resistant  to  destruction 
by  stomach  acid  and  stomach 


(3)  Binding  Inactive  storage 

Target  site  depots 


(4)  Inactivation 


Figure  hi  Pharmacokinetic  factors  that  determine  bioavailability  of  drugs 

From  the  site  of  administration  (1 ),  the  drug  moves  through  cell  membranes  to  be 
absorbed  into  the  blood  (2),  where  it  circulates  to  all  cells  in  the  body.  Some  of  the  drug 
molecules  may  bind  to  inactive  sites  such  as  plasma  proteins  or  storage  depots  (3)  and 
some  to  receptors  in  target  tissue.  Blood-borne  drug  molecules  also  enter  the  liver  (4), 
where  they  may  be  transformed  into  metabolites  and  travel  to  the  kidneys  and  other  dis- 
charge sites  for  ultimate  excretion  (5)  from  the  body. 


8 Chapter  1 


BOX  1 .2 


Pharmacology  in  Action 


Naming  Drugs 


Drug  names  can  be  a confusing  issue 
for  many  people  because  drugs  that 
are  sold  commercially,  either  by  pre- 
scription or  over  the  counter,  usually 
have  four  or  more  different  kinds  of 
names.  All  drugs  have  a chemical 
name  that  is  a complete  chemical  de- 
scription suitable  for  synthesizing  by 
an  organic  chemist.  Chemical  names 
are  rather  clumsy  and  rarely  used 
except  in  a laboratory  setting.  In  con- 
trast, generic  names  (also  called 
nonproprietary  names)  are  official 
names  of  drugs  and  are  listed  in  the 
United  States  Pharmacopeia  (USP). 


These  names  are  a much  shorter  form 
of  the  chemical  name  but  are  still 
unique  for  that  drug.  For  example,  one 
popular  antianxiety  drug  has  the 
chemical  name  7-chloro-1,3-dihydro- 
1 -methyl-3-phenyl-2H-1 , 4-benzodi- 
azepin-2-one  and  the  generic  name 
diazepam. The  brand  name,  or  trade 
name,  of  that  drug  (Valium)  specifies  a 
particular  manufacturer  and  a formu- 
lation. A brand  name  is  trademarked 
and  copyrighted  by  an  individual 
company,  which  means  that  it  has  an 
exclusive  right  to  advertise  and  sell 
that  drug. 

Slang  or  street  names  of  common- 
ly abused  drugs  are  an  additional  way 
to  identify  a particular  chemical. 


Unfortunately,  the  names  change 
over  time  and  vary  with  geographic 
locations  and  particular  groups  of 
people.  In  addition,  there  is  no  way  to 
know  the  chemical  characteristics  of 
the  substance  in  question.  Some 
terms  are  used  in  popular  films  or  tel- 
evision and  become  more  generally 
familiar,  such  as  "crack"  or  "ice,"  but 
most  disappear  as  quickly  as  they 
appeared. The  National  Institute  on 
Drug  Abuse  has  compiled  a list  of 
over  1 50  street  names  for  marijuana 
and  over  75  for  cocaine,  including 
coke,  big  C,  nose  candy,  snow,  white 
girl,  happydust,  pearl,  freeze,  doing 
the  line,  and  many  others. 


enzymes  that  are  important  for  normal  digestion.  Insulin  is 
one  drug  that  can  be  destroyed  by  digestive  processes  and  for 
that  reason  cannot  be  administered  orally. 

The  movement  of  the  drug  from  the  site  of  administra- 
tion to  the  blood  circulation  is  called  absorption.  Although 
some  drugs  are  absorbed  from  the  stomach,  the  majority  of 
drugs  are  not  fully  absorbed  until  they  reach  the  small  intes- 
tine. Many  factors  influence  how  quickly  the  stomach  emp- 
ties its  contents  into  the  small  intestine  and  hence  determine 
the  ultimate  rate  of  absorption.  For  example,  food  in  the 
stomach,  particularly  if  it  is  fatty,  will  slow  the  movement  of 
the  drug  into  the  intestine,  delaying  absorption  into  the 
blood.  The  amount  of  food,  the  physical  activity  of  the  indi- 
vidual, and  many  other  factors  make  it  difficult  to  predict 
how  quickly  the  drug  will  reach  the  intestine.  In  addition,  all 
the  drug  absorbed  from  the  stomach  and  intestine  into  the 
blood  goes  directly  to  the  liver  on  its  way  to  the  general  cir- 
culation. Liver  metabolism  of  some  of  the  drug  molecules 
will  reduce  the  amount  of  available  drug  before  it  reaches  the 
general  circulation.  This  phenomenon,  called  the  first-pass 
effect,  is  shown  in  Figure  1.2.  Because  of  these  factors,  oral 
administration  produces  drug  plasma  levels  that  are  more 
irregular  and  unpredictable  and  rise  more  slowly  than  the 
other  methods  of  administration. 

Intravenous  (IV)  injection  is  the  most  rapid  and  accurate 
method  of  drug  administration  since  a precise  quantity  of 
the  agent  is  placed  directly  into  the  blood  and  the  passage 
through  cell  membranes  such  as  the  stomach  wall  is  elimi- 
nated (see  Figure  1.2).  Flowever,  the  quick  onset  of  drug  effect 


with  IV  injection  is  also  a potential  hazard.  An  overdose  or  a 
dangerous  allergic  reaction  to  the  drug  leaves  little  time  for 
corrective  measures,  and  the  drug  cannot  be  removed  from 
the  body  as  it  can  be  from  the  stomach  by  stomach  pumping. 

For  drug  abusers,  IV  administration  provides  a more 
dramatic  subjective  drug  experience  than  self-administration 
in  other  ways,  because  the  drug  reaches  the  brain  almost 
instantly.  Drug  users  report  that  intravenous  injection  of  a 
cocaine  solution  usually  produces  an  intense  “rush”  or  “flash” 
of  pure  pleasure  that  lasts  for  approximately  10  minutes.  This 
experience  rarely  occurs  when  cocaine  is  taken  orally  or 
taken  into  the  nostrils  (snorting;  see  the  discusssion  on  top- 
ical administration).  However,  intravenous  use  of  street 
drugs  poses  several  special  hazards.  First,  drugs  that  are 
impure  or  of  unknown  quality  provide  uncertain  doses,  and 
toxic  reactions  are  common.  Second,  lack  of  sterile  injection 
equipment  and  aseptic  techniques  can  lead  to  infections  such 
as  hepatitis,  HIV,  and  endocarditis  (inflammation  of  the  lin- 
ing of  the  heart).  Fortunately,  many  cities  have  implemented 
free  needle  programs  that  significantly  reduce  the  probabili- 
ty of  cross  infection.  Third,  many  drug  abusers  attempt  to 
dissolve  drugs  that  have  insoluble  filler  materials  that,  when 
injected,  may  be  trapped  in  small  blood  vessels  in  the  lungs, 
leading  to  reduced  respiratory  capacity  or  death. 

An  alternative  to  the  IV  procedure  is  intramuscular  (IM) 
injection,  which  has  the  advantage  of  slower  and  more  even 
absorption  over  a period  of  time.  Drugs  administered  by  this 
method  are  usually  absorbed  within  10  to  30  minutes. 
Absorption  can  be  slowed  down  by  combining  the  drug  with 
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Figure  1 .2  Routes  of  drug  administration  First-pass  effect. 
Drugs  administered  orally  are  absorbed  into  the  blood  that  must 
pass  through  the  liver  before  reaching  the  general  circulation. 
Some  drug  molecules  may  be  destroyed  in  the  liver  before  they 
can  reach  target  tissues.  (Inset)  Pulmonary  absorption  through 
capillaries  in  the  alveoli.  Rapid  absorption  following  inhalation 


occurs  because  the  large  surface  area  of  the  lungs  and  the  rich 
capillary  networks  provide  efficient  exchange  of  gases  to  and 
from  the  blood.  (Inset)  Methods  of  administration  by  injection. 
The  speed  of  absorption  of  drug  molecules  from  administration 
sites  depends  upon  the  amount  of  blood  circulating  to  that  area. 


a second  drug  that  constricts  blood  vessels,  because  the  rate 
of  drug  absorption  is  dependent  upon  the  rate  of  blood  flow 
to  the  muscle  (see  Figure  1.2).  To  provide  slower  sustained 
action,  the  drug  may  be  injected  as  a suspension  in  vegetable 
oil.  For  example,  IM  injection  of  medroxyprogesterone 
acetate  (Depo-Provera)  provides  effective  contraception  for  3 
to  6 months  without  the  need  to  take  daily  pills.  One  disad- 
vantage of  IM  administration  is  that  in  some  cases  the  injec- 
tion solution  can  be  quite  irritating  and  cause  significant 
muscle  discomfort. 

Intraperitoneal  (IP)  injection  is  rarely  used  with  humans, 
but  is  the  most  common  route  of  administration  for  small 
laboratory  animals.  The  drug  is  injected  through  the  abdom- 
inal wall  into  the  peritoneal  cavity,  the  space  that  surrounds 
the  abdominal  organs.  IP  injection  produces  rapid  effects, 


but  not  as  rapid  as  IV.  Variability  in  absorption  occurs  depend- 
ing on  where  (within  the  peritoneum)  the  drug  is  placed. 

In  subcutaneous  (SC)  administration,  the  drug  is  injected 
just  below  the  skin  (see  Figure  1.2)  and  is  absorbed  at  a rate 
dependent  on  blood  flow  to  the  site.  Absorption  is  usually 
fairly  slow  and  steady,  but  there  can  be  considerable  variabil- 
ity. Rubbing  the  skin  to  dilate  blood  vessels  in  the  immedi- 
ate area  increases  the  rate  of  absorption.  Injection  of  a drug 
in  a nonaqueous  solution  (such  as  peanut  oil)  or  implanta- 
tion of  a drug  pellet  or  delivery  device  further  slows  the  rate 
of  absorption.  Subcutaneous  implantation  of  drug-contain- 
ing pellets  is  most  often  used  to  administer  hormones.  One 
contraceptive  drug  (Implanon)  used  in  Europe  may  soon 
become  available  in  the  United  States.  Its  hormones  are  con- 
tained in  a single  small  capsule  that  is  implanted  through  a 
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small  incision  just  under  the  skin  of  the  upper  arm.  A 
woman  is  protected  from  pregnancy  for  a 3-year  period 
unless  the  device  is  removed. 

Inhalation  of  drugs,  such  as  those  used  to  treat  asthma  ^ 
attacks,  allows  the  drug  to  be  absorbed  into  the  blood  by  pass-  ^ 

ing  through  the  lungs.  Absorption  is  very  rapid  because  the  Jl 

area  of  the  pulmonary  absorbing  surfaces  is  large  and  rich 
with  capillaries  (see  Figure  1 .2).  The  effect  on  the  brain  is  very  3 
rapid  because  the  blood  from  the  capillaries  of  the  lungs  goes  7 

straight  to  the  brain  without  returning  to  the  heart  first.  •£ 

Inhalation  is  a method  preferred  for  self-administration  £j 
in  cases  when  oral  absorption  is  too  slow  and  much  of  the 
active  drug  is  destroyed  before  reaching  the  brain.  Nicotine 
released  from  the  tobacco  of  a cigarette  by  heat  into  the 
smoke  produces  a very  rapid  rise  in  blood  level  and  rapid 
central  nervous  system  (CNS)  effects,  which  peak  in  a mat- 
ter of  minutes.  Tetrahydrocannabinol  (THC),  an  active 
ingredient  of  marijuana,  and  crack  cocaine  are  also  rapidly 
absorbed  after  smoking.  In  addition  to  the  inherent  dangers 
of  the  drugs  themselves,  disadvantages  of  inhalation  include 
irritation  of  the  nasal  passages  and  damage  to  the  lungs  by 
small  particles  that  may  be  included  in  the  inhaled  material. 

Topical  application  of  drugs  to  the  mucous  membranes 
such  as  the  conjunctiva  of  the  eye,  nasopharynx,  vagina, 
colon,  and  urethra  generally  provides  local  drug  effects. 
However,  some  topically  administered  drugs  can  be  readily 
absorbed  into  the  general  circulation,  leading  to  widespread 
effects.  Direct  application  of  finely  powdered  cocaine  to  the 
nasal  mucosa  by  sniffing  leads  to  rapid  absorption,  produc- 
ing profound  effects  on  the  CNS  that  peak  in  about  15  to  30 
minutes.  Cocaine  addicts  whose  nasal  mucosa  has  been 
damaged  by  chronic  cocaine  “snorting”  may  resort  to  the 
application  of  the  drug  to  the  rectum,  vagina,  or  penis. 

Although  the  skin  provides  an  effective  barrier  to  the  dif- 
fusion of  water-soluble  drugs,  certain  lipid-soluble  sub- 
stances (i.e.,  those  that  dissolve  in  fat)  are  capable  of  pene- 
trating slowly.  Transdermal  (i.e.,  through  the  skin)  drug 
administration  with  skin  patches  provides  a controlled  and 
sustained  delivery  of  drug  at  a preprogrammed  rate.  The 
patches  consist  of  a polymer  matrix  embedded  with  the 
drug  in  high  concentration.  Transdermal  delivery  is  now  a 
common  way  to  prevent  motion  sickness  with  scopolamine 
and  to  reduce  cigarette  craving  with  nicotine  patches. 

Special  injection  methods  must  be  used  for  some  drugs 
that  act  on  nerve  cells  because  a cellular  barrier,  the 
blood-brain  barrier  (discussed  later  in  the  chapter),  pre- 
vents or  slows  the  passage  of  the  drugs  from  the  blood  into 
neural  tissue.  For  example,  epidural  injection  is  used  when 
spinal  anesthetics  are  administered  directly  into  the  cere- 
brospinal fluid  surrounding  the  spinal  cord  of  a mother 
during  childbirth,  bypassing  the  blood-brain  barrier.  In  ani- 
mal experiments,  a microsyringe  or  cannula  is  employed, 
which  enables  precise  drug  injection  into  discrete  areas  of 


Figure  1 .3  The  time  course  of  drug  blood  level  depends 
on  route  of  administration  The  blood  level  of  the  same 
amount  of  drug  administered  by  different  procedures  to  the 
same  individual  varies  significantly.  Intravenous  (IV)  produces 
an  instantaneous  peak  when  the  drug  is  placed  into  the  blood 
and  rapid  decline.  Intramuscular  (IM)  administration  produces 
rapid  absorption  and  rapid  decline,  although  IM  administration 
in  oil  (IM-oil)  shows  slower  absorption  and  gradual  decline.  Slow 
absorption  following  subcutaneous  (SC)  administration  means 
some  of  the  drug  is  metabolized  before  absorption  is  complete. 
For  that  reason,  no  sharp  peak  occurs  and  overall  blood  levels 
are  lower.  Oral  (PO)  administration  produces  the  lowest  blood 
levels  and  a relatively  short  time  over  threshold  for  effective- 
ness in  this  instance.  (After  Levine,  1 973.) 


brain  tissue  (intracranial)  or  into  the  cerebrospinal 
fluid-filled  chambers,  the  ventricles  (intracerebroventric- 
ular).  In  this  way  experimenters  can  study  the  electrophysi- 
ological,  biochemical,  or  behavioral  effects  of  drugs  on  par- 
ticular nerve  cell  groups.  This  method  is  described  in 
Chapter  4. 

Because  the  route  of  administration  significantly  alters 
the  rate  of  absorption,  blood  levels  of  the  same  dose  of  a 
drug  administered  by  different  routes  vary  significantly.  Fig- 
ure 1.3  compares  the  drug  concentrations  in  blood  over  time 
for  various  routes  of  administration.  Keep  in  mind  that  the 
peak  level  for  each  method  reflects  not  only  the  differences 
in  absorption  rate  but  also  the  fact  that  slow  absorption  pro- 
vides opportunity  for  liver  metabolism  to  act  on  some  of  the 
drug  molecules  before  absorption  is  complete.  The  advan- 
tages and  disadvantages  of  selected  methods  of  administra- 
tion are  summarized  in  Table  1.1. 
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TABLE  1 .1  Advantages  and  Disadvantages  of  Selected  Routes  of  Drug  Administration 


Route  of 
administration 

Advantages 

Disadvantages 

Oral  (PO) 

Safe;  self-administered;  economical; 
no  needle- related  complications 

Slow  and  highly  variable  absorption; 
subject  to  first-pass  metabolism; 
less  predictable  blood  levels 

Intravenous  (IV) 

Most  rapid;  most  accurate  blood  concentration 

Overdose  danger;  cannot  be  readily  reversed; 
requires  sterile  needles  and  medical  technique 

Intramuscular  (IM) 

Slow  and  even  absorption 

Localized  irritation  at  site  of  injection; 
needs  sterile  equipment 

Subcutaneous  (SC) 

Slow  and  prolonged  absorption 

Variable  absorption  depending  on  blood  flow 

Inhalation 

Large  absorption  surface;  very  rapid  onset; 
no  injection  equipment  needed 

Irritation  of  nasal  passages;  small  particles  inhaled 
may  damage  lungs 

Topical 

Localized  action  and  effects;  easy  to  self-administer 

May  be  absorbed  into  general  circulation 

Transdermal 

Controlled  and  prolonged  absorption 

Local  irritation;  useful  only  for  lipid  soluble  drugs 

Epidural 

Bypasses  blood-brain  barrier; 
very  rapid  effect  on  CNS 

Not  reversible;  needs  trained  anesthesiologist; 
possible  nerve  damage 

Multiple  factors  modify  drug  absorption 

Once  the  drug  has  been  administered,  it  is  absorbed  from  the 
site  of  administration  into  the  blood  to  be  circulated 
throughout  the  body  and  ultimately  to  the  brain,  which  is  the 
primary  target  site  for  psychoactive  drugs  (i.e.,  those  drugs 
that  have  an  effect  on  thinking,  mood,  and  behavior).  We 
have  already  shown  that  the  rate  of  absorption  is  dependent 
on  several  factors.  Clearly,  the  route  of  administration  alters 
absorption  because  it  determines  the  area  of  the  absorbing 
surface,  the  number  of  cell  layers  between  the  site  of  admin- 
istration and  blood,  the  amount  of  drug  destroyed  by  metab- 
olism or  digestive  processes,  and  the  extent  of  binding  to 
food  or  inert  complexes.  Absorption  is  also  dependent  on 
drug  concentration,  which  is  in  part  determined  by  individ- 
ual differences  in  age,  sex,  and  body  size.  Finally,  absorption 
is  dependent  on  the  solubility  and  ionization  of  the  drug. 

Transport  across  membranes  Perhaps  the  single  most 
important  factor  in  determining  plasma  drug  levels  is  the 
rate  of  passage  of  the  drug  through  the  various  cell  layers 
(and  their  respective  membranes)  between  the  site  of  admin- 
istration and  the  blood.  To  understand  this  process,  we  need 
to  look  more  carefully  at  cell  membranes. 

Cell  membranes  are  made  up  primarily  of  complex  lipid 
(fat)  molecules  called  phospholipids,  which  have  a negative- 
ly charged  region  at  one  end  and  two  uncharged  lipid  tails 
(Figure  1.4A).  These  molecules  are  arranged  in  a bilayer  with 
their  phosphate  ends  forming  two  almost  continuous  sheets 
filled  with  fatty  material  (Figure  1.4B).  In  this  configuration, 
the  charged  heads  are  in  contact  with  both  the  aqueous  intra- 
cellular fluid  and  the  aqueous  extracellular  fluid.  The  proteins 
that  are  found  inserted  in  the  phospholipid  bilayer  have  func- 


tions that  will  be  described  later  (see  Chapter  3).  The  molec- 
ular characteristics  of  the  cell  membrane  prevent  most  mole- 
cules from  passing  through  unless  they  are  soluble  in  fat. 

Lipid-soluble  drugs  Drugs  with  high  lipid  solubility  move 
through  cell  membranes  by  passive  diffusion,  leaving  the 
water  in  the  blood  or  stomach  juices  and  entering  the  lipid 
layers  of  membranes.  Movement  across  the  membranes  is 
always  in  a direction  from  higher  to  lower  concentration. 
The  larger  the  concentration  difference  on  each  side  of  the 
membrane  (called  the  concentration  gradient),  the  more 
rapid  is  the  diffusion.  Lipid  solubility  increases  the  absorp- 
tion of  drug  into  the  blood  and  also  determines  how  readily 
a drug  will  pass  the  lipid  barriers  to  enter  the  brain.  For 
example,  the  narcotic  drug  heroin  is  a simple  modification 
of  the  parent  compound  morphine.  Heroin,  or  diacetylmor- 
phine,  is  more  soluble  in  lipid  than  is  morphine  and  pene- 
trates into  brain  tissue  more  readily,  thus  having  a quicker 
onset  of  action  and  more  potent  reinforcing  properties. 

Ionized  drugs  Most  drugs  are  not  readily  lipid  soluble 
because  they  are  weak  acids  or  weak  bases  that  can  become 
ionized  when  dissolved  in  water.  Just  as  common  table  salt 
(NaCl)  produces  positively  charged  ions  (Na+)  and  negative- 
ly charged  ions  (Cl~)  when  dissolved  in  water,  many  drugs 
form  two  charged  (ionized)  particles  when  placed  in  water. 
While  NaCl  is  a strong  electrolyte,  which  causes  it  to  almost 
entirely  dissociate  in  water,  most  drugs  are  only  partially  ion- 
ized when  dissolved  in  water.  The  extent  of  the  ionization 
depends  on  two  factors:  the  relative  acidity/alkalinity  (pH)  of 
the  solution  and  an  intrinsic  property  of  the  molecule  (pKa). 

Acidity  or  alkalinity  is  expressed  as  pH,  which  is  described 
on  a scale  of  1 to  14,  with  7 being  neutral.  Acidic  solutions 
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Figure  1 A Cell  membranes  (A)  Example  of  a phospholipid  molecule  with  a negatively 
charged  group  (P04~)  at  one  end  (hydrophilic)  and  two  fatty  uncharged  tails  (hydropho- 
bic). (B)  Arrangement  of  individual  phospholipid  molecules  forms  a bilayer  with  the  nega- 
tively charged  heads  attracted  to  the  water  molecules  of  both  the  intracellular  and  extra- 
cellular fluids.The  fatty  tails  of  the  molecules  are  tucked  within  the  two  charged  layers  and 
have  no  contact  with  aqueous  fluid.  Embedded  in  the  bilayer  are  protein  molecules  that 
serve  as  receptors  or  channels. 


have  a lower  pH,  and  alkaline  (basic)  solutions  have  a pH 
greater  than  7.0.  Drugs  are  dissolved  in  body  fluids  that  differ 
in  pH  (Table  1.2),  and  these  differences  play  a role  in  drug 
ionization  and  movement  from  one  body  fluid  compartment 
to  another,  for  example,  from  the  stomach  to  the  blood- 
stream or  from  the  bloodstream  into  the  kidney  urine. 

The  second  factor  determining  ionization  is  a characteris- 
tic of  the  drug  molecule.  The  pKa  of  a drug  represents  the  pH 
of  the  aqueous  solution  in  which  that  drug  would  be  50% 
ionized  and  50%  non-ionized.  In  general,  drugs  that  are 
weak  acids  ionize  more  readily  in  an  alkaline  environment 
and  become  less  ionized  in  an  acidic  environment.  The 
reverse  is  true  of  drugs  that  are  weak  bases.  If  we  put  the 
weak  acid  aspirin  (acetylsalicylic  acid)  into  stomach  acid,  it 
will  remain  primarily  in  a non-ionized  form  (Figure  1.5). 


TABLE  1.2  pH  of  Body  Fluids 


Fluid 

pH 

Stomach  fluid 

1. 0-3.0 

Small  intestine 

5. 0-6. 6 

Blood 

7.35-7.45 

Kidney  urine 

4.5— 7.5 

Saliva 

62-72 

CSF 

7.3-7 .4 

The  lack  of  electrical  charge  makes  the  drug  more  lipid  solu- 
ble and  hence  readily  absorbed  from  the  stomach  to  the 
blood.  In  the  intestine,  where  the  pH  is  around  5.0  to  6.0, 
ionization  increases  and  absorption  through  that  membrane 
is  reduced  compared  to  that  of  the  stomach. 

This  raises  the  question  of  why  aspirin  molecules  do  not 
move  from  the  stomach  to  the  blood  and  back  to  the  stom- 
ach again.  In  our  example,  aspirin  in  the  acidic  gastric  fluid  is 
primarily  in  the  non-ionized  form  and  thus  passes  through 
the  stomach  wall  into  the  blood.  In  blood  (pH  7.4),  however, 
aspirin  becomes  more  ionized;  it  is  said  to  be  “trapped”  with- 
in the  blood  and  does  not  return  to  the  stomach.  Meanwhile, 
the  circulation  moves  the  aspirin  molecules  away  from  their 
concentrated  site  at  the  stomach  to  maintain  a concentration 
gradient  that  favors  drug  absorption. 

Drugs  that  are  highly  charged  in  both  acidic  and  basic 
environments  are  very  poorly  absorbed  from  the  gastroin- 
testinal tract  and  cannot  be  administered  orally.  The  first  of 
the  medical  mysteries  proposed  at  the  start  of  this  chapter  is 
now  solved.  South  American  hunters  readily  eat  the  flesh  of 
game  killed  with  curare-poisoned  arrows  because  the  drug 
does  not  leave  the  digestive  system  to  enter  their  blood. 

Other  factors  Factors  other  than  ionization  also  have  a 
significant  influence  on  absorption.  For  instance,  the  much 
greater  surface  area  of  the  small  intestine  and  the  slower 
movement  of  material  through  the  intestine,  as  compared  to 
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Figure  1 .5  Effect  of  ionization  on  drug  absorption  On  the  right  side  of  the 
cell  barrier  in  stomach  acid  (pH  2.0),  the  aspirin  molecules  tend  to  remain  in  the 
non-ionized  form  (1),  which  promotes  the  passage  of  the  drug  through  the  cell 
walls  (2)  to  the  blood.  Once  the  intact  aspirin  molecules  reach  the  blood  (pH  7.4), 
they  ionize  (3)  and  are  "trapped"  in  the  blood  to  be  circulated  throughout  the 
body.  In  the  lower  portion  of  the  figure,  when  the  aspirin  has  reached  the  intes- 
tine, it  tends  to  dissociate  to  a greater  extent  (4)  in  the  more  basic  pH.  Its  more 
ionized  form  reduces  passage  (5)  through  the  cells  to  the  blood,  so  absorption 
from  intestine  is  slower  than  from  the  stomach. 


the  stomach,  provide  a much  greater  opportunity  for  absorp- 
tion of  all  drugs.  Therefore,  the  rate  at  which  the  stomach 
empties  into  the  intestine  very  often  is  the  significant  rate- 
limiting  factor.  For  this  reason,  medication  is  often  pre- 
scribed to  be  taken  before  meals  and  with  sufficient  fluid  to 
move  the  drug  through  the  stomach  and  into  the  intestine. 

Since  drug  absorption  is  closely  related  to  the  concentration 
of  the  drug  in  body  fluids  (e.g.,  stomach),  it  should  certainly  be 
no  surprise  to  you  that  the  drug  dosage  required  to  achieve  a 
desired  effect  is  directly  related  to  the  size  of  the  individual.  In 
general,  the  larger  the  individual,  the  more  diluted  the  drug  will 
be  in  his  larger  fluid  volume,  and  less  drug  will  reach  the  tar- 


get sites  in  a given  unit  of  time.  The  average 
dose  of  a drug  is  typically  based  on  the 
response  of  individuals  between  the  ages  of  1 8 
and  65  who  weigh  150  pounds.  However,  for 
people  who  are  very  lean  or  obese,  the  average 
dose  may  be  inappropriate  because  of  varia- 
tions in  the  ratio  of  fat  to  water  in  the  body. 
For  these  individuals,  body  surface  area,  which 
reflects  both  size  and  weight,  may  be  a better 
basis  for  determining  drug  dose.  The  sex  of  the 
individual  also  plays  a part  in  determining 
plasma  drug  level  because  in  the  female,  adi- 
pose tissue,  relative  to  water,  represents  a larger 
proportion  of  the  total  body  weight.  Overall, 
the  total  fluid  volume,  which  contains  the 
drug,  is  relatively  smaller  in  women  than  in 
men,  producing  a higher  drug  concentration 
at  the  target  site  in  women.  It  should  be  obvi- 
ous also  that  the  smaller  fluid  volume  of  a 
child  means  that  a standard  dose  of  a drug  will 
be  more  concentrated  and,  therefore,  will  pro- 
duce a greater  drug  effect. 

Drug  distribution  is  limited  by 
selective  barriers 

Regardless  of  the  route  of  administration, 
once  the  drug  has  entered  the  blood,  it  is  car- 
ried throughout  the  body  within  1 or  2 min- 
utes and  can  have  an  action  at  any  number  of 
receptor  sites.  In  general,  those  parts  of  the 
body  that  have  the  most  blood  flow  will  have 
the  highest  concentration  of  drug.  Since 
blood  capillaries  have  numerous  pores,  most 
drugs  can  move  from  blood  and  enter  body 
tissues  regardless  of  lipid  solubility,  unless 
they  are  bound  to  protein  (see  the  discussion 
on  depot  binding  later  in  this  chapter).  High 
concentrations  of  drugs  will  be  found  in  the 
heart,  brain,  kidneys,  and  liver.  Because  the 
brain  receives  about  20%  of  the  blood  that 
leaves  the  heart,  lipid-soluble  drugs  are  readily  distributed  to 
brain  tissue.  However,  the  blood-brain  barrier  limits  the 
movement  of  ionized  molecules  from  the  blood  to  the  brain. 

Blood-brain  barrier  Blood  plasma  is  supplied  by  a dense 
network  of  blood  vessels  that  permeates  the  entire  brain. 
This  system  supplies  brain  cells  with  oxygen,  glucose,  and 
amino  acids,  and  also  carries  away  carbon  dioxide  and  other 
waste  products.  Despite  the  vital  role  the  blood  circulation 
plays  in  cerebral  function,  many  substances  found  in  blood 
fluctuate  significantly  and  would  have  disruptive  effects  on 
brain  cell  activity  if  materials  were  transferred  freely  between 
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Figure  1 .6  Distribution  of  cerebrospinal  fluid 

(A)  The  CSF  (blue)  is  manufactured  by  the  choroid  plexus 
within  the  cerebral  ventricles.  In  addition  to  filling  the 
ventricles  and  their  connecting  aqueducts,  CSF  fills  the 
space  between  the  arachnoid  membrane  and  the  pia 
mater  (subarachnoid  space)  to  cushion  the  brain  against 
trauma.  (B)  Enlarged  diagram  to  show  detail  of  CSF-filled 
subarachnoid  space  and  the  relationship  to  cerebral 
blood  vessels.  Notice  how  blood  vessels  penetrate  the 
brain  tissue. 


blood  and  brain  (and  the  brain  s associ- 
ated cerebrospinal  fluid). 

Cerebrospinal  fluid  (CSF)  is  a clear, 
colorless  liquid  that  fills  the  subarach- 
noid space  that  surrounds  the  entire 
bulk  of  the  brain  and  spinal  cord  and 
also  fills  the  hollow  spaces  (ventricles) 
and  their  interconnecting  channels 
(aqueducts)  (Figure  1.6A).  CSF  is  man- 
ufactured by  cells  of  the  choroid  plexus, 
which  line  the  cerebral  ventricles.  In 
contrast  to  the  wide  fluctuations  that 
occur  in  the  blood  plasma,  the  contents 
of  the  CSF  remain  quite  stable.  Many 
substances  that  diffuse  out  of  the  blood 
and  affect  other  organs  in  the  body  do 
not  seem  to  enter  the  CSF  or  affect  brain 
tissue.  This  separation  between  the  brain 
capillaries  and  the  brain/CSF  comprises 
what  we  call  the  blood-brain  barrier. 
Figure  1.6B  is  an  enlargement  of  the 
relationship  between  the  cerebral  blood 
vessels  and  the  cerebrospinal  fluid. 

The  principal  component  of  the 
blood-brain  barrier  is  actually  the  dis- 
tinct morphology  of  brain  capillaries. 
Figure  1.7  shows  a comparison  between 
typical  capillaries  found  throughout  the 
body  (A)  and  capillaries  that  serve  the 
CNS  (B).  Since  the  job  of  blood  vessels  is 
to  deliver  nutrients  to  cells  and  remove 
waste,  the  walls  of  typical  capillaries  are 
made  up  of  endothelial  cells  that  have 
both  small  gaps  (intercellular  clefts)  as 
well  as  larger  openings  (fenestrations) 
through  which  molecules  can  pass.  In 
addition,  general  capillaries  have  pinocy- 
totic  vesicles  that  envelop  and  transport 
larger  molecules  through  the  capillary 
wall.  In  contrast,  in  brain  capillaries,  the 
intercellular  clefts  are  closed  because  the 
adjoining  edges  of  the  endothelial  cells 
are  fused,  forming  tight  junctions.  Also, 
fenestrations  are  absent  and  pinocytotic 
vesicles  are  rare.  Although  lipid-soluble 
materials  can  pass  through  the  walls  of 
the  blood  vessels,  most  materials  are 
moved  from  the  blood  of  brain  capillar- 
ies by  special  transporters.  Surrounding 
brain  capillaries  are  numerous  glial  feet, 
extensions  of  the  glial  cells  called  astro- 
cytes. It  is  likely  that  the  close  interface 
of  astrocytes  with  both  nerve  cells  and 
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(A)  Typical  capillary  (B)  Brain  capillary 

Cell  nucleus  Cell  nucleus 


Figure  1 .7  Cross  section  of  typical  capillaries  and  brain  capillaries  (A)  The  capil- 
laries found  throughout  the  body  have  characteristics  that  encourage  the  movement  of 
materials  between  the  blood  and  surrounding  cells.  (B)  Brain  capillaries  minimize  move- 
ment of  water-soluble  molecules  through  the  blood  vessel  wall  because  there  are  essen- 
tially no  large  or  small  clefts  or  pinocytotic  sites.  (After  Oldendorf,  1 975.) 


brain  capillaries  provides  the  astrocytes  with  a unique  oppor- 
tunity to  modify  neuron  function. 

Before  we  go  on,  we  should  emphasize  that  the  blood-brain 
barrier  is  selectively  permeable,  not  impermeable.  Although  the 
barrier  does  reduce  diffusion  of  water-soluble  (i.e.,  ionized) 
molecules,  it  does  not  impede  lipid-soluble  molecules. 

Finally,  the  blood-brain  barrier  is  not  complete.  Several 
brain  areas  are  not  isolated  from  materials  in  the  blood.  One 
of  these  is  the  area  postrema,  or  CTZ  (chemical  trigger 
zone),  which  is  located  in  the  medulla  of  the  brain  stem.  This 
area,  the  “vomiting  center,”  causes  vomiting  when  toxic  sub- 
stances are  detected  in  the  blood.  The  interaction  between 
blood  and  brain  is  necessary  to  efficiently  couple  a toxic 
stimulus  and  the  potentially  lifesaving  response.  A second 
area  is  the  median  eminence  of  the  hypothalamus.  Capillary 
fenestrations  in  this  brain  region  allow  neurohormones 
manufactured  by  the  hypothalamus  to  move  into  the  blood 
traveling  to  the  pituitary  gland.  These  neurohormones,  or 
releasing  factors  (for  example,  growth  hormone-releasing 
factor),  regulate  anterior  pituitary  hormone  secretion.  Chap- 
ter 3 discusses  the  hypothalamic  factors  more  fully.  A limited 
blood-brain  barrier  exists  in  other  regions  of  the  brain  wher- 
ever a functional  interaction  (e.g.,  blood  monitoring)  is 
required  between  the  blood  and  neural  tissue. 

The  limited  permeability  of  the  blood-brain  barrier  is 
important  to  psychopharmacology  because  we  need  to  know 
which  drugs  remain  non-ionized  at  plasma  pH  and  readily 


enter  the  CNS  and  which  drugs  cir- 
culate only  throughout  the  rest  of 
the  body.  Minor  differences  in  drug 
molecules  are  responsible  for  a rela- 
tive selectivity  of  drug  action.  For 
example,  physostigmine  readily  crosses  the  blood-brain  bar- 
rier and  is  useful  for  treating  the  intoxication  caused  by  some 
agricultural  pesticides.  It  does  so  by  increasing  the  availability 
of  the  neurotransmitter  acetylcholine.  In  contrast,  the  struc- 
turally related  but  highly  ionized  drug  neostigmine  is  exclud- 
ed from  the  brain  and  increases  acetylcholine  only  peripher- 
ally. Its  restriction  by  the  blood-brain  barrier  means  that 
neostigmine  can  be  used  to  treat  the  muscle  disease  myasthe- 
nia gravis,  without  significant  CNS  side  effects,  but  it  would 
not  be  effective  in  treating  pesticide-induced  intoxication. 

Placental  barrier  A second  barrier,  unique  to  women, 
occurs  between  the  blood  circulation  of  a pregnant  mother 
and  that  of  her  fetus.  The  placenta,  which  connects  the  fetus 
with  the  mother’s  uterine  wall,  is  the  means  by  which  nutri- 
ents from  the  digestion  of  food,  02,  C02,  fetal  waste  prod- 
ucts, and  drugs  are  exchanged.  As  is  true  for  other  cell  mem- 
branes, lipid-soluble  substances  diffuse  easily  and 
water-soluble  substances  pass  less  easily.  The  potential  for 
transfer  of  drugs  from  mother  to  fetus  has  very  important 
implications  for  the  health  and  well-being  of  the  developing 
child.  Potentially  damaging  effects  on  the  fetus  can  be  divid- 
ed into  two  categories:  acute  toxicity  and  teratogenic  effects. 

The  fetus  may  experience  acute  toxicity  in  utero  following 
exposure  to  the  disproportionately  high  drug  blood  level  of 
its  mother.  In  addition,  after  birth,  any  drug  remaining  in  the 
newborn  s circulation  is  likely  to  have  a dramatic  and  pro- 
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TABLE  1 .3  Periods  of  Maximum  Teratogenic  Sen- 
sitivity for  Several  Organ  Systems  in 
the  Human  Fetus 


Organ  system 

Days  after  fertilization 

Brain 

15-60 

Eye 

15-40 

Genitalia 

35-60 

Heart 

15-40 

Limbs 

25-35 

longed  action  because  of  slow  and  incomplete  metabolism.  It 
is  well  known  that  opiates  such  as  heroin  readily  reach  the 
fetal  circulation,  and  that  newborn  infants  of  heroin-  or 
methadone-addicted  mothers  experience  many  of  the  signs 
of  opiate  withdrawal.  Certain  tranquilizers,  gaseous  anesthet- 
ics, alcohol,  many  barbiturates,  and  cocaine  all  readily  pass 
into  fetal  circulation  to  cause  acute  toxicity.  In  addition,  alco- 
hol, cocaine,  and  the  carbon  monoxide  in  cigarette  smoke  all 
deprive  the  fetus  of  oxygen.  Such  drugs  pose  special  problems 
because  they  are  readily  accessible  and  widely  used. 

Teratogens  are  agents  that  induce  developmental  abnor- 
malities in  the  fetus.  The  effects  of  teratogens  such  as  drugs 
(both  therapeutic  and  illicit),  exposure  to  X-rays,  and  some 
maternal  infections  (e.g.,  German  measles)  are  dependent  on 
the  timing  of  exposure.  The  fetus  is  most  susceptible  to 
damaging  effects  during  the  first  trimester  of  pregnancy, 
because  it  is  during  this  period  that  many  of  the  fetal  organ 
systems  are  formed.  Each  organ  system  is  maximally  sensi- 
tive to  damaging  effects  during  its  time  of  cell  differentiation 
(Table  1.3).  Many  drugs  can  have  damaging  effects  on  the 
fetus  despite  minimal  adverse  effects  in  the  mother.  For 
example,  the  vitamin  A-related  substance  isotretinoin,  which 
is  a popular  prescription  acne  medication  (Accutane),  pro- 
duces serious  birth  defects  and  must  be  avoided  by  sexually 
active  young  women.  Past  experience  has  taught  us  that  the 


evaluation  of  drug  safety  must  include  evaluation  of  poten- 
tial fetal  effects  as  well  as  effects  on  adults.  Furthermore, 
since  teratogenic  effects  are  most  severe  during  the  time 
before  pregnancy  is  typically  recognized,  use  of  any  drug 
known  to  be  teratogenic  in  animals  should  be  avoided  by 
women  of  childbearing  age. 

Depot  binding  alters  the  magnitude 
and  duration  of  drug  action 

We  already  know  that  after  a drug  is  absorbed  into  the  blood 
from  its  site  of  administration,  it  circulates  throughout  the 
body.  Thus,  high  concentrations  of  drug  may  be  found  in  all 
organs  that  are  well  supplied  with  blood.  In  addition  to  these 
reservoirs,  drug  binding  occurs  at  inactive  sites  where  no 
measurable  biological  effect  is  initiated.  Such  sites,  called 
drug  depots,  include  plasma  protein  (e.g.,  albumin),  mus- 
cle, and  fat.  Any  drug  molecules  tied  up  in  these  depots  can- 
not reach  active  sites  nor  be  metabolized  by  the  liver.  How- 
ever, the  drug  binding  is  reversible,  so  the  drug  remains 
bound  only  until  the  blood  level  drops,  causing  it  to  unbind 
gradually  and  circulate  in  the  plasma. 

The  binding  of  a drug  to  inactive  sites  (depot  binding) 
has  significant  effects  on  the  magnitude  and  duration  of 
drug  action.  Some  of  these  effects  are  summarized  in  Table 
1.4.  First,  depot  binding  reduces  the  concentration  of  drug 
at  its  sites  of  action  because  only  freely  circulating 
(unbound)  drug  can  pass  across  membranes.  For  a drug  that 
binds  readily  to  depot  sites,  its  onset  of  action  may  be 
delayed  and  its  effects  reduced  because  the  number  of  drug 
molecules  reaching  the  target  tissue  is  dependent  upon  its 
release  from  inactive  sites.  Also,  individual  differences  in  the 
amount  of  depot  binding  explains  in  part  why  some  people 
are  more  sensitive  to  a particular  drug  than  others. 

Second,  since  binding  to  albumin,  fat,  and  muscle  is 
rather  nonselective,  many  drugs  with  similar  physiochemi- 
cal  characteristics  compete  with  each  other  for  these  sites. 
Such  competition  may  lead  to  much-higher-than-expected 


TABLE  1 .4  Effects  of  Drug  Depot  Binding  on  Therapeutic  Outcome 

— 

Depot-binding  characteristics  Therapeutic  outcome 


Rapid  binding  to  depots  before  reaching  target  tissue 
Individual  differences  in  amount  of  binding 


Competition  among  drugs  for  depot-binding  sites 

Bound  drug  is  not  metabolized 

Binding  to  depots  follows  the  rapid  action  at  targets 
(redistribution) 


Slower  onset  and  reduced  effects 
Varying  effects: 

High  binding  means  less  free  drug,  so  some  people  seem 
to  need  higher  doses 

Low  binding  means  more  free  drug,  so  these  individuals 
seem  more  sensitive 

Higher- than -expected  blood  levels  of  the  displaced  drug, 
possibly  causing  greater  side  effects,  even  toxicity 

Drug  remains  in  the  body  for  prolonged  action 
Rapid  termination  of  drug  action 
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free  drug  blood  level  of  the  displaced  drug,  producing  a drug 
overdose.  For  example,  the  antiseizure  drug  phenytoin  is 
highly  protein  bound,  but  aspirin  can  displace  some  of  the 
phenytoin  molecules  from  the  binding  sites  because  aspirin 
binds  more  readily.  When  phenytoin  is  displaced  from  plas- 
ma protein  by  aspirin,  the  elevated  drug  level  may  be  respon- 
sible for  unexpected  side  effects  or  toxicity.  Many  psychoac- 
tive drugs,  including  the  antidepressant  fluoxetine  (Prozac) 
and  the  tranquilizer  diazepam  (Valium),  show  extensive 
(over  90%  of  the  drug  molecules)  plasma  protein  binding 
and  may  contribute  to  drug  interactions. 

Third,  bound  drug  molecules  cannot  be  altered  by  liver 
enzymes  because  the  drug  is  not  free  to  leave  the  blood  to 
enter  liver  cells  for  metabolism.  For  this  reason,  depot  bind- 
ing frequently  prolongs  the  time  that  the  drug  remains  in  the 
body.  This  phenomenon  explains  why  some  drugs,  such  as 
TFIC,  which  is  stored  in  fat  and  only  slowly  released,  can  be 
detected  in  urine  for  many  days  after  a single  dose.  Such  slow 
release  means  that  an  individual  could  test  positive  for  uri- 
nary THC  (one  active  ingredient  in  marijuana)  without 
experiencing  the  cognitive  effects  at  that  time.  As  we  sug- 
gested in  the  beginning  of  the  chapter,  the  prolonged  pres- 
ence of  drugs  in  body  fat  and  inert  depots  makes  preem- 
ployment and  student  drug  testing  possible. 

Finally,  depots  may  be  responsible  for  terminating  a 
drug  s action,  as  in  the  case  of  the  rapid-acting  CNS  depres- 
sant thiopental.  Thiopental,  a barbiturate  used  for  intra- 
venous anesthesia,  is  highly  lipid  soluble,  so  the  rapid  onset 
of  sedation  is  due  to  the  drugs  entry  to  the  brain.  However, 
the  deep  sedation  does  not  last  very  long  because  the  blood 
level  falls  rapidly  as  a result  of  redistribution  of  the  drug  to 
other  tissues,  causing  thiopental  to  move  from  the  brain  to 
the  blood  to  maintain  equilibrium.  High  levels  of  thiopental 
can  be  found  in  the  brain  30  seconds  after  IV  infusion.  How- 
ever, within  5 minutes  brain  levels  of  the  drug  have  dropped 
to  threshold  anesthetic  concentrations.  In  this  way,  thiopen- 
tal induces  sleep  almost  instantaneously  but  is  effective  for 
only  about  5 minutes,  followed  by  rapid  recovery. 

Biotransformation  and  elimination 
of  drugs  contributes  to  bioavailability 

Drugs  are  eliminated  from  the  body  by  the  combined  action 
of  several  mechanisms,  including  biotransformation  (metab- 
olism) of  the  drug  and  excretion  of  the  metabolites  that  have 
been  formed. 

Drug  clearance  Drug  clearance  from  the  blood  usually 
occurs  exponentially  and  is  referred  to  as  first-order  kinetics. 
Exponential  elimination  means  that  a constant  fraction  (50%) 
of  the  free  drug  in  the  blood  is  removed  in  each  time  interval. 
This  model  assumes  that  when  blood  levels  are  high,  clearance 
occurs  more  rapidly,  and  as  blood  levels  drop,  the  rate  of  clear- 
ance also  is  reduced.  The  amount  of  time  required  for  removal 


of  50%  of  the  drug  in  blood  is  called  the  half-life,  or  ti/2.  Figure 
1.8  provides  an  example  of  the  half-life  determination  for  the 
stimulant  dextroamphetamine  (Dexedrine),  a drug  used  to 
treat  attention  deficit  disorder.  Although  this  drug  is  essential- 
ly eliminated  after  6 half-lives  (6x10  hours),  many  psychoac- 
tive drugs  have  half-lives  of  several  days,  so  clearance  may  take 
weeks  after  even  a single  dose.  A list  of  the  half-lives  of  some 
common  drugs  is  provided  in  Table  1.5. 

Although  most  drugs  are  cleared  from  the  blood  by  first- 
order  kinetics,  under  certain  conditions  some  drugs  are 
eliminated  according  to  the  zero-order  model.  Zero-order 
kinetics  means  that  drug  molecules  are  cleared  at  a constant 
rate  regardless  of  drug  concentration.  Ethyl  alcohol  is  one 
drug  that  is  eliminated  by  zero-order  kinetics  when  adminis- 
tered in  high  doses.  Alcohol  is  removed  from  the  body  at 
approximately  10  to  15  ml/hour,  or  1.0  ounce  of  100-proof 
alcohol  per  hour. 

Biotransformation  by  liver  microsomal  enzymes  Most 
drugs  are  chemically  altered  by  the  body  before  they  are 


Time  (in  half-lives) 


Figure  1 .8  First-order  kinetics  of  drug  clearance  Expo- 
nential elimination  of  drug  from  the  blood  occurs  when  clear- 
ance during  a fixed  time  interval  is  always  50%  of  the  drug 
remaining  in  blood.  For  example,  the  half-life  of  orally  adminis- 
tered dextroamphetamine  (Dexedrine)  is  approximately  10 
hours.Therefore,  1 0 hours  (1  half-life)  after  the  peak  plasma  con- 
centration has  been  reached,  the  drug  concentration  is  reduced 
to  about  50%  of  its  initial  value.  After  20  and  30  hours  (i.e.,  2 and 
3 half-lives)  have  elapsed,  the  concentration  is  reduced  to  25% 
and  1 2.5%,  respectively.  After  6 half-lives,  the  drug  is  essentially 
eliminated,  with  1.6%  remaining. The  curve  representing  the 
rate  of  clearance  is  steeper  early  on  when  the  rate  is  more  rapid 
and  becomes  more  shallow  as  the  rate  of  clearance  decreases. 
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TABLE  1 .5  Half-Life  of  Some  Common  Drugs 


Drug 

Trade/Street  name 

Half-life 

Cocaine 

Coke,  Big  C,  snow 

0.5-1. 5 hours 

Nicotine 

Tobacco 

2 hours 

THC 

Marijuana 

20-30  hours 

Acetylsalicylic  acid 

Aspirin 

3-4  hours 

Ibuprofen 

Advil 

3-4  hours 

Naproxen 

Aleve 

12  hours 

Sertraline 

Zoloft 

2-3  days 

Fluoxetine 

Prozac 

7-9  days 

Morphine 

Morphine 

1.5-2  hours 

excreted.  The  chemical  changes  are  catalyzed  by  enzymes  and 
can  occur  in  many  tissues  and  organs,  including  the  stom- 
ach, intestine,  blood  plasma,  kidney,  and  brain.  However,  the 
greatest  number  of  chemical  changes,  which  we  call  drug 
metabolism  or  biotransformation,  occur  in  the  liver. 

There  are  two  major  types  of  biotransformation.  Type  I 
biotransformations  are  sometimes  called  phase  I,  because 
these  reactions  often  occur  before  a second  metabolic  step. 
Phase  I changes  involve  nonsynthetic  modification  of  the 
drug  molecule  by  oxidation,  reduction,  or  hydrolysis.  Oxida- 
tion is  by  far  the  most  common  reaction;  it  usually  produces 
a metabolite  that  is  less  lipid  soluble  and  is  often  less  active, 
but  it  may  produce  a metabolite  with  equal  or  even  greater 
activity  than  the  parent  drug.  Type  II,  or  phase  II,  modifica- 
tions are  synthetic  reactions  that  require  the  combination 
(called  conjugations)  of  the  drug  with  some  small  molecule 
such  as  glucuronide,  sulfate,  or  methyl  groups.  Glucuronide 
conjugation  is  particularly  important  for  inactivating  psy- 
choactive drugs.  These  metabolic  products  are  less  lipid  sol- 
uble because  they  are  highly  ionized  and  are  almost  always 
biologically  inactive.  In  summary,  the  two  phases  of  drug 
biotransformation  ultimately  produce  one  or  more  inactive 
metabolites,  which  are  water  soluble  so  that  they  can  be 
excreted  more  readily  than  the  parent  drug.  The  metabolites 
formed  in  the  liver  are  returned  to  the  circulation,  and  are 
subsequently  filtered  out  by  the  kidneys,  or  they  may  be 


excreted  into  bile  and  eliminated  with  the  feces.  Those 
metabolites  that  are  active  also  return  to  the  circulation  and 
may  have  additional  action  on  target  tissues  before  being  fur- 
ther metabolized  into  inactive  products.  Obviously,  drugs 
that  are  converted  into  active  metabolites  have  a prolonged 
duration  of  action.  Table  1.6  shows  several  examples  of  the 
varied  effects  of  phase  I and  phase  II  metabolism.  The  seda- 
tive drug  phenobarbital  is  rapidly  inactivated  by  phase  I 
metabolism.  In  contrast,  aspirin  is  converted  first  to  an  active 
metabolite  by  phase  I metabolism,  but  phase  II  action  pro- 
duces an  inactive  compound.  Morphine  does  not  undergo 
phase  I metabolism  but  is  inactivated  by  phase  II  reactions. 
Finally,  diazepam  (Valium),  a long-lasting  antianxiety  drug, 
has  several  active  metabolites  before  a phase  II  inactivation. 

The  liver  enzymes  primarily  responsible  for  metabolizing 
psychoactive  drugs  are  located  on  the  smooth  endoplasmic 
reticulum,  which  is  a network  of  tubules  within  the  liver  cell 
cytoplasm.  They  are  often  called  microsomal  enzymes 
because  they  exhibit  particular  characteristics  on  biochemi- 
cal analysis.  The  microsomal  enzymes  lack  specificity  and 
can  metabolize  a wide  variety  of  compounds  including  tox- 
ins ingested  with  food  or  environmental  pollutants.  Among 
the  most  important  liver  microsomal  enzymes  is  the  cyto- 
chrome P450  enzyme  family.  The  more  than  30  members  of 
this  class  of  enzyme  are  responsible  for  oxidizing  a majority 
of  psychoactive  drugs,  including  antidepressants,  morphine, 
and  amphetamine. 

Factors  influencing  drug  metabolism  The  enzymes  of 
the  liver  are  of  particular  interest  to  psychopharmacologists 
because  several  factors  significantly  influence  the  rate  of  bio- 
transformation. These  factors  alter  the  magnitude  and  dura- 
tion of  drug  effects  and  are  responsible  for  significant  drug 
interactions  and  individual  differences  in  response  to  drugs. 
These  factors  include  (1)  enzyme  induction;  (2)  enzyme 
inhibition;  (3)  drug  competition;  and  (4)  individual  differ- 
ences in  age,  gender,  and  genetics. 

Many  psychoactive  drugs,  when  used  repeatedly,  cause  an 
increase  in  liver  enzymes  (called  enzyme  induction).  The 
increased  enzymes  not  only  cause  the  drugs  to  speed  up  their 
own  rate  of  biotransformation,  but  they  can  also  increase  the 
rate  of  metabolism  of  all  other  drugs  modified  by  them.  For 


TABLE  1 .6  Varied  Effects  of  Phase  I and  Phase  II  Metabolism 


Active  drug 


Active  metabolites  and  inactive  metabolites0 


Phenobarbital 

Aspirin 

Morphine 

Diazepam 


Phase  I 


Phase  I 


->  Salicylic  acid 
Phase  II 


Phase  II 


->  Hydroxyphenobarbital 
Salicyclic-glucuronide 
->  Morphine-6-glucuronide 


Phase  I 


->  Desmethyldiazepam 


Phase  I 


Oxazepam  Phase  II — ^ Oxazepam-glucuronide 


flBold  terms  indicate  active  metabolites. 
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example,  repeated  use  of  the  antiseizure  drug  carbamazepine 
(Tegretol)  increases  the  number  of  cytochrome  P450  enzyme 
molecules,  leading  to  more  rapid  metabolism  of  carba- 
mazepine and  other  drugs,  producing  a lower  blood  level 
and  reduced  biological  effect.  Among  the  drugs  metabolized 
by  the  same  enzyme  are  oral  contraceptives.  For  this  reason, 
if  carbamazepine  is  prescribed  to  a woman  taking  oral  con- 
traceptives, either  the  hormone  dose  must  be  increased  or  an 
alternative  means  of  birth  control  used  (Zajecka,  1993).  As 
you  saw  at  the  beginning  of  this  chapter,  failure  to  increase 
the  dose  leads  to  higher  rates  of  unwanted  pregnancy. 

Another  common  example  is  cigarette  smoke,  which  also 
increases  certain  cytochrome  P450  enzymes.  People  who  are 
heavy  smokers  may  need  higher  doses  of  those  drugs,  such  as 
antidepressants  and  caffeine  that  are  metabolized  by  the  same 
enzyme.  Such  changes  in  drug  metabolism  and  elimination 
explain  in  part  why  some  drugs  lose  their  effectiveness  with 
repeated  use — a phenomenon  known  as  tolerance  (see  the 
discussion  on  tolerance  later  in  the  chapter) — and  also  cause 
a reduced  action  of  other  drugs  (cross  tolerance).  Clearly,  an 
individuaFs  drug- taking  history  can  have  a major  impact  on 
the  effectiveness  of  the  drugs  he  or  she  currently  takes. 

In  contrast  to  drug-induced  induction  of  liver  enzymes, 
some  drugs  directly  inhibit  the  action  of  enzymes  (enzyme 
inhibition),  which  reduces  the  metabolism  of  other  drugs 
taken  at  the  same  time.  In  such  cases  one  would  experience  a 
much  more  intense  or  prolonged  drug  effect.  Monoamine 
oxidase  inhibitors,  used  to  treat  depression,  act  in  the  brain 
by  preventing  the  destruction  of  neurotransmitters  by  the 
enzyme  monoamine  oxidase.  The  same  enzyme  is  found  in 
the  liver,  where  it  is  responsible  for  metabolizing  a variety  of 
drugs.  Inhibiting  enzyme  function  means  impaired  metabo- 
lism (and  elevated  blood  levels)  of  many  drugs,  including  opi- 
ates, alcohol,  aspirin,  and  others.  In  addition,  the  enzyme  nor- 
mally metabolizes  amines  such  as  tyramine,  which  is  found 
in  red  wine,  beer,  some  cheeses,  and  other  foods.  When  indi- 
viduals who  are  taking  these  antidepressants  eat  foods  rich  in 
tyramine,  toxic  high  blood  pressure  and  cardiac  arrhythmias 
can  occur,  making  normal  foods  potentially  life-threatening. 
The  opening  paragraph  of  this  chapter  mentions  this  “food 
toxicity,”  and  more  detail  is  provided  in  Chapter  15. 

A second  type  of  inhibition,  based  on  drug  competition 
for  the  enzyme,  occurs  for  drugs  that  share  a metabolic  sys- 
tem. Since  there  are  a limited  number  of  enzyme  molecules, 
an  elevated  concentration  of  either  drug  reduces  the  meta- 
bolic rate  of  the  second,  causing  potentially  toxic  levels.  Cyto- 
chrome P450  metabolism  of  alcohol  leads  to  higher-than- 
normal  brain  levels  of  other  sedative-hypnotics,  for  example, 
barbiturates  or  Valium,  when  administered  at  the  same  time, 
producing  a potentially  dangerous  drug  interaction. 

Finally,  differences  in  drug  metabolism  due  to  genetic  and 
environmental  factors  can  explain  why  some  individuals  seem 
to  be  extremely  sensitive  to  certain  drugs  while  others  may 
need  much  higher  doses  than  normal  to  achieve  an  effect. 


Rapid  Slow 


Figure  1 .9  Two  genetic  populations  for  isoniazid 
metabolism  Six  hours  after  oral  administration  of  isoniazid  to 
267  subjects,  blood  levels  of  the  drug  were  measured. The 
bimodal  frequency  distribution  shows  that  one  subpopulation 
of  subjects  were  rapid  metabolizers  and  had  an  average  of  1 
pg/ml  remaining  in  the  blood.  A second  portion  of  the  popula- 
tion were  much  slower  metabolizers  and  had  an  average  of  4 to 
5 pg/ml  of  drug  remaining.  Note  that  several  subjects  had 
extremely  slow  metabolism,  making  them  very  likely  to  show 
toxic  side  effects,  particularly  if  the  drug  were  taken  chronically. 
(After  Evans,  1960.) 


Over  40  years  ago,  the  first  genetic  polymorphisms  (genetic 
variations  among  individuals  that  produce  multiple  forms  of 
a given  protein)  for  drug-metabolizing  enzymes  were  identi- 
fied. Large  variations,  for  instance,  were  found  in  the  rate  of 
acetylation  of  isoniazid,  a drug  used  to  treat  tuberculosis  and 
subsequently  found  to  relieve  depression.  Acetylation  is  a con- 
jugation reaction  in  which  an  acetyl  group  is  attached  to  the 
drug.  In  the  early  experiment,  blood  levels  of  isoniazid  were 
measured  6 hours  after  its  oral  administration  to  267  subjects. 
The  bimodal  distribution  in  Figure  1.9  clearly  shows  that 
some  individuals  metabolized  much  of  the  drug  during  the  6 
hours  (“rapid  inactivators”),  while  a second  group  (“slow 
inactivators”)  eliminated  far  less  drug  and  are  thus  more  like- 
ly to  develop  toxic  side  effects  at  normal  doses.  In  addition  to 
isoniazid,  the  metabolism  of  more  than  a dozen  related  drugs 
and  chemicals  are  also  affected  by  these  genetic  variations.  It 
is  significant  that  44  to  54%  of  American  Caucasians  and 
African  Americans,  60%  of  Europeans,  10%  of  Asians,  and 
only  5%  of  Eskimos  are  slow  inactivators  (Levine,  1973). 
Other  enzymes  also  show  wide  genetic  differences.  For  exam- 
ple, approximately  50%  of  certain  Asian  groups  (Chinese, 
lapanese,  and  Koreans)  have  reduced  capacity  to  metabolize 
acetaldehyde,  which  is  an  intermediary  metabolic  step  in  the 
breakdown  of  alcohol.  The  resulting  elevation  in  acetaldehyde 
causes  facial  flushing,  tachycardia,  drop  in  blood  pressure,  and 
sometimes  nausea  and  vomiting.  The  reduced  metabolic 
capacity  is  caused  by  a specific  mutation  in  the  gene  for  alde- 
hyde dehydrogenase  (Wall  and  Ehelers,  1995). 
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In  addition  to  variations  in  genes,  other  individual  differ- 
ences influence  metabolism.  Significant  changes  in  nutrition 
or  in  liver  function,  as  accompany  various  diseases,  lead  to  sig- 
nificantly higher  drug  blood  levels  and  prolonged  and  exag- 
gerated effects.  Additionally,  advanced  age  is  often  accompa- 
nied by  a reduced  ability  to  metabolize  drugs,  while  children 
under  the  age  of  two  also  have  insufficient  metabolic  capacity 
and  are  vulnerable  to  drug  overdoses.  In  addition,  both  the 
young  and  elderly  have  reduced  kidney  function,  so  clearance 
of  drugs  is  much  slower.  Gender  differences  also  exist  in  drug 
metabolism.  For  example,  the  stomach  enzymes  that  metabo- 
lize alcohol  before  it  reaches  the  bloodstream  are  far  less  effec- 
tive in  women  than  in  men.  This  means  that  for  an  identical 
dose,  a woman  will  have  a much  higher  concentration  of  alco- 
hol reaching  her  blood  to  produce  biological  effects.  If  you 
would  like  to  read  more  about  some  of  the  clinical  concerns 
of  differences  in  drug  metabolism,  see  Applegate  (1999). 

Renal  excretion  Although  drugs  can  be  excreted  from  the 
body  in  the  breath,  sweat,  saliva,  feces,  or  breast  milk,  the 
most  important  route  of  elimination  is  in  the  urine.  There- 
fore, the  primary  organ  of  elimination  is  the  kidney.  The  kid- 
neys are  a pair  of  organs  each  about  the  size  of  a fist.  They 
are  responsible  for  filtering  materials  out  of  the  blood  and 
excreting  the  waste  products,  while  returning  necessary  sub- 
stances, such  as  water,  glucose,  sodium,  potassium,  and  chlo- 
ride, to  the  blood.  Liver  biotransformation  of  drugs  into  ion- 
ized (water-soluble)  molecules  traps  the  metabolites  in  the 
kidney  tubules  so  that  they  can  be  excreted  with  waste  prod- 
ucts in  the  urine. 


Section  Summary 

A drugs  effects  are  determined  by  ( 1 ) how  much  of  the  drug 
reaches  its  target  sites,  where  it  has  biological  action;  and  (2) 
how  quickly  it  reaches  those  sites.  The  pharmacokinetic  fac- 
tors that  determine  bioavailability  include  the  method  of 
administration,  rate  of  absorption  and  distribution,  binding 
at  inactive  sites,  biotransformation,  and  excretion.  These  fac- 
tors interact,  so  that  as  a drug  is  being  absorbed  and  distrib- 
uted throughout  the  body  to  act  at  target  sites,  some  of  its 
molecules  are  simultaneously  being  bound  to  inactive  sites, 
while  others  are  metabolized  and  excreted.  The  route  of 
administration  is  significant  because  it  determines  both 
onset  and  duration  of  drug  action.  The  method  of  adminis- 
tration influences  absorption  of  the  drug  because  it  deter- 
mines the  area  of  the  absorbing  surface,  the  number  of  cell 
layers  the  drug  must  pass  through,  and  the  extent  of  first- 
pass  metabolism.  Each  of  the  methods  described  has  distinct 
advantages  and  disadvantages. 

Absorption  is  not  dependent  only  on  administration 
method  but  also  on  the  solubility  and  ionization  of  the  drug 


and  individual  differences  in  age,  sex,  and  body  size,  which 
contribute  to  the  concentration  of  the  drug.  Lipid-soluble 
drugs  are  not  ionized  and  readily  pass  through  fatty  mem- 
branes at  a rate  dependent  on  the  concentration  gradient. 
Drugs  that  are  weak  acids  tend  to  remain  un-ionized  (lipid 
soluble)  in  acidic  body  fluids  like  stomach  juices;  they  are 
more  readily  absorbed  there  than  in  the  more  alkaline  intes- 
tinal fluid,  where  ionization  of  weak  acids  increases  and 
absorption  is  reduced.  Drugs  that  are  weak  bases  are  more 
ionized  in  the  acidic  stomach  fluid,  so  they  are  absorbed  less 
readily  there  than  from  the  more  basic  intestine,  where  ion- 
ization is  reduced  and  the  drugs  become  more  lipid  soluble. 

Once  a drug  is  in  the  blood,  it  is  distributed  to  all  the 
organs  of  the  body,  as  determined  by  the  extent  of  blood  flow 
to  the  tissue.  The  CNS  has  a lower  drug  concentration  than 
would  be  expected  because  the  blood-brain  barrier  reduces 
the  exposure  of  brain  and  spinal  cord  to  water-soluble  mole- 
cules. The  brain  capillaries  that  constitute  the  blood-brain 
barrier  have  very  few  pores  to  allow  drug  molecules  to  leave 
the  circulation  and  affect  the  neural  tissue.  Although  the  pla- 
cental barrier  separates  maternal  and  fetal  circulation,  it  does 
not  impede  passage  of  most  drug  molecules,  so  the  develop- 
ing fetus  is  exposed  to  most  drugs  consumed  by  the  mother. 
Numerous  drugs,  particularly  those  ingested  during  the  first 
trimester  of  pregnancy,  are  capable  of  interfering  with  fetal 
organ  development.  Once  in  general  circulation,  some  drug 
molecules  bind  to  inactive  depots,  where  they  cannot  act  at 
target  sites  nor  be  metabolized.  Depot  binding  is  responsible 
for  modifying  the  onset  and  duration  of  drug  effect. 

In  addition  to  the  absorption  and  distribution  of  a drug  in 
the  body,  the  rate  of  degradation  and  elimination  is  equally 
important  in  determining  bioavailability.  Drugs  are  most  often 
biotransformed  by  liver  enzymes  (e.g.,  cytochrome  P450)  that 
produce  products  for  excretion  that  are  inactive  and  more 
water  soluble.  Phase  I metabolism  involves  oxidation,  reduc- 
tion, or  hydrolysis  and  produces  an  ionized  metabolite  that 
may  be  inactive,  equally  active,  or  more  active  than  the  par- 
ent drug.  Phase  II  metabolism  involves  the  conjugation  of  the 
drug  with  a simple  molecule  provided  by  the  body,  such  as 
glucuronide  or  sulfate.  Products  of  phase  II  metabolism  are 
always  inactive  and  more  water  soluble.  The  kidney  is  most 
often  responsible  for  filtration  of  metabolites  from  the  blood 
before  excretion  with  the  urine.  Alternatively,  the  metabolites 
may  be  excreted  into  bile  and  eliminated  with  the  feces. 

Several  factors  that  influence  drug  metabolism  and  elim- 
ination are  significant  to  psychopharmacologists  because 
they  are  responsible  for  many  drug  interactions  and  also 
explain  why  some  individuals  respond  differently  to  drugs. 

1.  Liver  enzymes  can  be  induced  (increased)  by  some  class- 
es of  drugs  given  repeatedly.  More  enzyme  means  more- 
efficient  metabolism,  which  reduces  blood  levels  of  drug 
and  reduces  the  intensity  and/or  duration  of  its  effects. 
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2.  Some  drugs  directly  impair  liver  enzyme  action,  so  any 
drug  normally  metabolized  by  that  enzyme  will  remain 
in  the  body  for  longer  periods  of  time,  producing  pro- 
longed drug  effects. 

3.  The  limited  number  of  enzymes  also  means  that  if  two 
drugs  share  a metabolic  system,  then  the  two  will  com- 
pete for  biotransformation,  causing  elevated  blood  levels 
of  one  or  the  other  or  both  drugs. 

4.  Individuals  who  are  very  sensitive  or  very  resistant  to 
drug  effects  may  differ  genetically  in  the  efficiency  of  the 
metabolic  enzymes.  Rapid  metabolizers  will  appear  to  be 
less  responsive  to  the  drug,  while  slow  metabolizers  may 
show  greater  response,  increased  side  effects,  or  toxicity. 

In  addition  to  genetic  differences,  differences  in  age,  sex, 
nutrition,  and  organ  (e.g.,  kidney  and  liver)  function  also  are 
responsible  for  varying  rates  of  biotransformation. 

Pharmacodynamics: 

Drug-Receptor  Interactions 

Pharmacodynamics  is  the  study  of  the  physiological  and 
biochemical  interaction  of  drug  molecules  with  the  target 
tissue  that  is  responsible  for  the  ultimate  drug  effects.  Drugs 
can  be  classified  into  a wide  variety  of  categories  (Box  1.3), 
but  all  the  drugs  we  are  concerned  with  affect  cell  function 
in  target  tissue  by  acting  on  receptors.  Knowing  which  recep- 
tors a drug  acts  on  and  where  the  receptors  are  located  is  cru- 
cial to  understanding  what  actions  and  side  effects  will  be 
produced. 

Receptors,  large  protein  molecules  located  either  on  the 
surface  of  or  within  cells,  are  the  initial  sites  of  action  of  a bio- 
logically active  agent  such  as  a neurotransmitter,  hormone,  or 
drug  (all  referred  to  as  ligands).  A ligand  is  defined  as  any 
molecule  that  binds  to  a receptor  with  some  selectivity. 
Because  most  drugs  do  not  readily  pass  into  neurons,  neu- 
ropharmacology is  most  often  interested  in  receptors  found 
on  the  outside  of  cells  that  relay  information  through  the 
membrane  to  affect  intracellular  processes  (Figure  1.10A). 
Which  of  the  many  possible  intracellular  changes  occurs 
depends  upon  whether  the  receptor  is  coupled  to  an  ion 
channel  or  to  a G protein  (see  Chapter  3).  The  essence  of  neu- 
ropharmacology is  to  identify  drugs  that  can  act  at  neuro- 
transmitter receptors  to  enhance  or  reduce  the  normal  func- 
tioning of  the  cell  and  bring  about  a clinically  useful  effect. 

A second  type  of  receptor  is  found  within  the  target  cell, 
either  in  the  cytoplasm  (as  for  the  glucocorticoids)  or  in  the 
nucleus  (e.g.,  sex  steroid  receptors).  Most  of  the  hormones 
that  act  on  the  brain  to  influence  neural  events  utilize  this 
type  of  receptor.  Hormonal  binding  to  intracellular  receptors 
alters  cell  function  by  triggering  changes  in  the  expression  of 


(A) 


(B) 


Steroid 

hormone 


Figure  1.10  Two  principal  types  of  receptors  (A)  Most 
drugs  and  neurotransmitters  remain  outside  the  cell  and  bind 
to  receptors  on  the  exterior  cell  surface.  When  these  receptors 
are  activated,  they  initiate  changes  in  an  effector,  which  causes 
intracellular  changes,  such  as  movement  of  ions  or  changes  in 
enzyme  activity.  (B)  Many  hormones  are  capable  of  entering  the 
cell  before  acting  on  an  intracellular  receptor  that  changes  the 
expression  of  specific  genes  within  the  nucleus.The  altered  pro- 
tein synthesis  in  turn  leads  to  changes  in  cell  function. 

the  genetic  material  within  the  nucleus,  producing  differ- 
ences in  protein  synthesis  (Figure  1.10B).  Sex  hormones  act 
in  this  way  to  facilitate  mating  behavior  and  other  activities 
related  to  reproduction.  This  mechanism  is  described  more 
fully  in  Chapter  3. 

Extracellular  and  intracellular  receptors  have 
several  common  features 

Several  characteristics  are  common  to  receptors  in  general. 
The  ability  to  recognize  specific  molecular  shapes  is  one  very 
important  characteristic.  The  usual  analogy  of  a lock  and  key 
suggests  that  only  a limited  group  of  neurochemicals  or  drugs 
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BOX  1 .3 


Pharmacology  in  Action 


Drug  Categories 


As  we  have  already  learned  earlier  in 
this  chapter, all  drugs  have  multiple 
effects,  which  vary  with  dose  and 
bioavailability,  the  nature  of  the 
receptors  occupied,  and  the  drug-tak- 
ing history  (e.g.,  tolerance)  of  the  indi- 
vidual. For  these  reasons  drugs  can  be 
categorized  in  any  one  of  several 
classes  depending  on  the  trait  of 
interest.  One  might  classify  drugs 
according  to  chemical  structure,  med- 
ical use,  legal  status,  neurochemical 
effects,  abuse  potential,  behavioral 
effects,  and  many  other  categories. 
Amphetamine  may  be  described  as  a 
CNS  stimulant  (based  on  increased 
brain  activity  and  behavioral  arousal), 
an  anorectic  used  for  diet  control 
(medical  use), a sympathomimetic 
(because  it  neurochemically  mimics 
the  effects  of  the  sympathetic  nerv- 
ous system),  or  a Schedule  III  drug  (a 
controlled  substance  based  on  the 
federal  government's  assessment  of 
abuse  potential).  Since  we  are  particu- 
larly interested  in  brain  function  and 
behavior,  the  classification  used  in  this 
text  emphasizes  CNS  action  and 
behavioral  effects. 

CNS  stimulants  produce  increased 
electrical  activity  in  the  brain  and 
behavioral  arousal, alertness,  and  a 
sense  of  well-being  in  the  individual. 
Among  the  drugs  in  this  class  are 
amphetamine,  cocaine,  and 
methylphenidate  (Ritalin),  as  well  as 
the  methylxanthines,  which  include 
caffeine,  theophylline,  and  theo- 
bromine. Nicotine  may  also  be  includ- 
ed here  because  of  its  activating 
effect  on  CNS  neurons,  although 
behaviorally  for  some  individuals  the 
drug  clearly  has  a calming  effect. 
Classification  is  also  complicated  by 
the  fact  that  drug  effects  are  dose- 
dependent  and  drugs  occasionally 
produce  dramatically  different  effects 
at  different  doses.  Low  and  moderate 
doses  of  amphetamine,  for  example, 


Psychoactive  drugs 


stimulate  physical  activity,  but  at  high 
doses  locomotion  may  be  reduced 
and  replaced  by  meaningless  stereo- 
typed, repetitive  acts  that  have  clear 
psychotic  characteristics. 

CNS  depressants  include  a variety 
of  drugs  that  depress  CNS  function 
and  behavior  to  cause  a sense  of  relax- 
ation and  drowsiness.  Some  of  the 
sedative-hypnotics  are  useful  for  these 
sedating  qualities  and  in  their  ability  to 
relieve  anxiety  or  induce  sleep.  At  high 
doses  more  profound  mental  clouding 
occurs,  along  with  loss  of  coordination, 
intoxication,  and  coma.The  significant 
drugs  in  this  group  include  the  barbi- 
turates (such  as  Seconal),  the  benzodi- 
azepines (including  Valium),  and  ethyl 
alcohol,  all  of  which  will  be  considered 
in  later  chapters.  Some  might  include 
marijuana  in  this  class  because  of  its 
relaxing  and  depressant  qualities  at 
low  doses,  although  at  higher  doses 
hallucinogenic  characteristics  may 
occur  prominently. 

The  analgesics  are  drugs  that  fre- 
quently have  CNS-depressant  quali- 


ties, although  their  principal  effect  is 
to  reduce  the  perception  of  pain. The 
most  important  drugs  in  this  class  are 
the  narcotics.  Narcotics,  or  opiates, 
such  as  morphine,  heroin,  or  codeine, 
are  derived  from  the  opium  poppy; 
the  synthetic  narcotics  (called  opi- 
oids) include  meperidine  (Demerol), 
methadone,  and  fentanyl.  All  of  the 
opiate-like  drugs  produce  relaxation 
and  sleep  as  well  as  analgesia.  Under 
some  circumstances  these  drugs  also 
produce  a powerful  sense  of  euphoria 
and  a desire  to  continue  drug  admin- 
istration. Nonnarcotic  analgesics,  of 
course,  also  belong  in  this  class  but 
have  little  effect  on  behavior  and  do 
not  produce  relaxation  or  sleep.These 
include  aspirin,  acetaminophen 
(Tylenol),  and  ibuprofen  (Motrin). 

The  hallucinogens,  or  mind-altering 
drugs,  are  often  called  "psychedelics" 
because  their  primary  effect  is  to  alter 
one's  perceptions,  leading  to  vivid  visu- 
al illusions  or  distortions  of  objects  and 
body  image.  As  a group,  these  drugs 
produce  a wide  variety  of  effects  on 
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brain  chemistry  and  neural  activity. 
They  include  many  naturally  occurring 
substances  such  as  mescaline  and 
psilocybin.  Certainly  LSD  belongs  in 
this  class,  as  does  MDMA  (street  name: 
ecstasy).The  drug  PCP  (street  name: 
angel  dust)  and  its  analog  ketamine 
(street  name:  special  K),  which  is  used 
as  an  animal  sedative,  might  belong  in 
the  class  of  CNS  depressants,  but  their 
ability  to  cause  profound  hallucino- 
genic experiences  and  their  use  as  a 
model  for  psychotic  behavior  prompts 
their  placement  in  this  category. 

Psychotherapeutic  drugs  as  a classi- 
fication is  intended  to  suggest  that 
some  psychoactive  drugs  are  used 
almost  entirely  to  treat  clinical  disor- 
ders of  mood  or  behavior:  the  antipsy- 


chotics,  antidepressants,  and  mood  sta- 
bilizers.These  drugs  have  distinctly  dif- 
ferent mechanisms  of  action  and  are 
rarely  found  in  use  outside  the  thera- 
peutic realm. The  antipsychotics  reduce 
symptoms  of  schizophrenia,  including 
hallucinations  and  bizarre  behavior. 
Some  examples  include  haloperidol 
(Haldol)  and  chlorpromazine  (Tho- 
razine).The  antidepressants  also 
belong  in  this  classification;  they  are 
used  to  treat  disorders  of  mood. 

Among  the  most  familiar  are  amitripty- 
line (Elavil),  sertraline  (Zoloft),  and  fluox- 
etine (Prozac).  While  drugs  in  this  class 
reverse  the  symptoms  of  clinical  de- 
pression, they  do  not  produce  the 
effects  of  CNS  stimulants  nor  do  they 
produce  euphoria.  Finally,  the  mood 


stabilizers  reduce  the  dramatic  mood 
swings  between  mania  and  depression 
that  characterize  bipolar  disorder.  Lithi- 
um carbonate  (Lithonate)  is  still  most 
often  prescribed,  but  valproate 
(Depakote)  and  carbamazepine  (Tegre- 
tol) are  increasingly  popular.  Each  of 
these  types  of  drugs  will  be  described 
in  subsequent  chapters  of  this  text. 

Clearly,  many  of  the  drugs  you  may 
be  interested  in  have  not  been  men- 
tioned: hormones  such  as  the  anabol- 
ic steroids  and  contraceptives,  the 
inhalants  including  household  prod- 
ucts and  glues,  and  others.  Many  of 
these  would  require  special  cate- 
gories for  classification,  but  this  text 
will  address  some  of  those  topics  in 
Chapter  14. 


can  bind  to  a particular  receptor  protein  to  initiate  a cellular 
response.  These  neurochemicals  are  called  agonists.  Mole- 
cules that  have  the  best  chemical  “fit”  (i.e.,  have  the  highest 
affinity)  attach  most  readily  to  the  receptor.  However,  just  as 
one  may  put  a key  in  a lock  but  not  be  able  to  turn  it,  so  too  a 
ligand  may  be  recognized  by  a receptor,  but  may  not  initiate  a 
biological  action.  Such  ligands  are  considered  to  have  low  effi- 
cacy. These  molecules  are  called  antagonists  because  not  only 
do  they  produce  no  cellular  effect  after  binding,  but  by  bind- 
ing to  the  receptor  they  prevent  an  “active”  ligand  from  bind- 
ing; hence  they  “block”  the  receptor  (Figure  1.11). 

A second  significant  feature  of  receptors  is  that  the  binding 
or  attachment  of  the  specific  ligand  is  temporary.  When  the 
ligand  dissociates  (i.e.,  separates)  from  the  receptor,  it  has  fur- 
ther opportunity  to  attach  once  again.  Third,  ligands  binding 
to  the  receptor  produce  a physical  change  in  the  three-dimen- 
sional shape  of  the  protein,  initiating  a series  of  intracellular 
events  that  ultimately  generates  a biobehavioral  effect.  How 
much  intracellular  activity  occurs  depends  on  the  number  of 
interactions  with  the  receptor  as  well  as  the  ability  of  the  lig- 
and to  alter  the  shape  of  the  receptor,  which  reflects  its  efficacy. 

Fourth,  although  we  tend  to  think  about  receptors  as  a per- 
manent characteristic  of  cells,  these  proteins  in  fact  have  a life 
cycle  just  as  other  cell  proteins  do.  Not  only  is  there  a normal 
life  span  for  receptors,  but  receptors  are  modified  both  in  num- 
ber (long-term  regulation)  and  in  sensitivity  (more  rapid  regu- 
lation via  second  messengers).  Long-term  regulation,  called 
up-regulation  when  receptor  numbers  increase  or  down-reg- 
ulation when  receptors  are  reduced  in  number,  reflects 
compensatory  changes  following  prolonged  absence  of  recep- 
tor agonists  or  chronic  activation  of  the  receptor,  respectively. 


This  phenomenon  was  initially  observed  in  muscle,  where  it  was 
found  that  if  the  nerve  serving  a particular  muscle  was  cut 
(thereby  eliminating  the  release  of  the  neurotransmitter  from 
the  nerve  endings),  a compensatory  increase  in  neurotransmit- 
ter receptors  occurred  over  the  muscle  surface.  More  recently, 
the  same  phenomenon  has  been  found  in  the  CNS  not  only 
when  nerves  are  severed  but  also  when  nerve  activity  is  chroni- 


Antagonist  Receptor 


Agonist-receptor 

interaction 


Drug 

action /effect 


No  drug 
action /effect 


Antagonist-receptor 

interaction 


Figure  1.11  Agonist  and  antagonist  interactions  with 
receptors  The  agonist  molecule  has  an  excellent  fit  for  the 
receptor  (high  affinity)  and  produces  a significant  biological 
response  (high  efficacy). The  antagonist  in  this  case  fits  less  well 
and  also  has  very  low  efficacy.  Note  that  if  both  the  agonist  and 
antagonist  are  present  simultaneously,  they  will  compete  to  fit 
into  the  same  receptor,  producing  a partial  drug  effect.  (After 
Carroll,!  996.) 
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TABLE  1 .7  Relative  Biological  Activity  of  Xanthines" 


Biological  effects 

Caffeine 

Theophylline 

Theobromine 

CNS  stimulation 

l 

2 

3 

Cardiac  stimulation 

3 

1 

2 

Respiratory  stimulation 

1 

2 

3 

Skeletal  muscle  stimulation 

1 

2 

3 

Diuresis 

3 

1 

2 

Source:  From  Richie,  1975. 

"Each  drug  acts  more  effectively  on  some  xanthine  receptor  subtypes  than  others.  1 = most  active;  3 = 
least  active. 


cally  reduced  by  drugs.  For  instance, 
chronic  use  of  receptor  antagonists 
leads  to  subsequent  up-regulation  of 
receptors.  Likewise,  drugs  that  acti- 
vate a nerve  pathway  or  act  as  ago- 
nists at  the  receptor  cause  a reduction 
in  receptor  proteins  if  they  are 
administered  repeatedly.  In  each  case, 
change  in  receptor  number  requires  1 
to  2 weeks  of  altered  activity.  Changes 
in  sensitivity  due  to  second  messen- 
ger-induced function  is  far  more 
rapid.  These  changes  will  be  discussed 
more  fully  in  Chapter  3. 

Finally,  we  have  already  learned 
that  once  drugs  are  absorbed,  they  are  distributed  throughout 
the  body,  where  there  are  multiple  sites  of  action  (receptors) 
that  mediate  different  biobehavioral  effects.  However,  a given 
drug  s receptor  proteins  may  have  different  characteristics  in 
different  target  tissues.  These  varied  receptors,  called  receptor 
subtypes,  will  be  covered  more  extensively  later  in  the  book. 
The  goal  of  neuropharmacology  is  to  design  drugs  that  bind 
with  greater  affinity  to  one  receptor  subtype  so  as  to  initiate  a 
very  selective  therapeutic  effect,  without  acting  on  related 
receptor  subtypes  and  producing  side  effects.  For  instance,  in 
Table  1.7  you  can  see  that  caffeine  works  on  the  xanthine 
receptor  subtype  in  the  CNS  to  produce  alertness  more  effec- 
tively than  the  xanthines  found  in  tea  (theophylline)  or  cocoa 
(theobromine).  In  contrast,  theophylline  is  the  most  active  of 
the  three  in  stimulating  the  heart  and  causing  increased  urine 
output  (diuresis). 

Dose-response  curves  describe 
receptor  activity 

One  important  method  used  to  evaluate  receptor  activity  is 
the  dose-response  curve,  which  describes  the  amount  of 
biological  or  behavioral  effect  (response)  for  a given  drug 
concentration  (dose).  A typical  curve  is  shown  in  Figure 
1.12.  When  plotted  on  semilog  scale,  the  curve  takes  on  a 
classic  S-shape.  At  low  doses,  the  drug-induced  effect  is 
slight,  because  very  few  receptors  are  occupied.  In  fact,  the 
threshold  dose  is  the  smallest  dose  that  produces  a measura- 
ble effect.  As  the  dose  of  the  drug  is  increased,  more  recep- 
tors are  activated  and  a greater  biological  response  occurs. 
The  ED50  (50%  effective  dose)  is  the  dose  that  produces  half 
the  maximal  effect,  and  the  maximum  response  occurs  at  a 
dose  at  which  we  assume  the  receptors  are  fully  occupied* 
(we  might  call  it  the  ED100). 


*This  assumption  is  not  warranted  in  all  cases,  however,  such  as  in 
those  models  of  receptor  pharmacology  describing  “spare  recep- 
tors.” Those  interested  in  the  complexities  of  receptor  occupancy 
theory  should  refer  to  a standard  textbook  in  pharmacology. 


If  we  were  to  graph  the  effects  of  several  pain-relieving 
drugs,  we  might  find  a relationship  similar  to  the  one  shown 
in  Figure  1.13.  The  first  three  curves  show  the  dose-response 
characteristics  for  hydromorphine,  morphine,  and  codeine — 
all  drugs  from  the  opiate  analgesic  class.  For  each  drug, 
increasing  the  concentration  produces  greater  analgesia  (ele- 
vation in  pain  threshold)  until  the  maximum  response  is 
achieved.  The  absolute  amount  of  drug  necessary  to  produce  a 
specific  effect  indicates  the  drugs  potency.  The  differences  in 
potency  among  the  three  drugs  can  be  seen  by  comparing  the 
ED50  for  each  drug.  Hydromorphine  requires  approximately 
2 mg,  while  morphine  needs  10  mg  to  achieve  the  same  effect 
and  codeine  needs  more  than  100  mg.  Therefore,  morphine  is 
more  potent  than  codeine  and  hydromorphine  is  more  potent 


Maximum 

response 


Figure  1.12  Dose-response  curve  The  classic  S-shape 
describes  the  gradual  increase  in  biological  response  that 
occurs  with  increasing  doses  of  a drug  (drug-receptor  activa- 
tion).Threshold  is  the  dose  producing  the  smallest  measurable 
response. The  dose  at  which  the  maximum  response  is  achieved 
is  the  ED100  (1 00%  effective  dose),  while  the  ED50  is  the  dose  that 
effectively  produces  50%  of  the  maximum  response. 
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Figure  1.13  Dose-response  curves  for  four  analgesic 
agents  Each  curve  represents  the  increase  in  pain  threshold 
(the  magnitude  of  painful  stimulus  required  to  elicit  a with- 
drawal response)  as  a function  of  dose. The  ED50  for  hydromor- 
phine, morphine,  and  codeine  help  compare  potency. The  linear 
portions  of  the  curves  for  the  opiate  analgesics  are  parallel,  sug- 
gesting they  work  through  the  same  mechanism.  Aspirin  is  not 
an  opiate  and  relieves  pain  by  a very  different  mechanism  of 
action,  so  the  shape  of  the  curve  is  distinct.  In  addition,  aspirin's 
maximum  effectiveness  never  reaches  the  level  of  the  opiates. 
(After  Levine,  1983.) 


than  either.  The  relative  position  of  the  curves  on  the  x-axis 
indicates  potency  and  reflects  the  affinity  of  each  drug  for  the 
receptor  that  mediates  the  measured  response.  Although  the 
three  differ  in  affinity  for  the  receptor,  each  reaches  the  same 
maximum  on  the  y-axis,  indicating  that  they  have  identical 
efficacy.  The  fact  that  the  linear  portions  of  the  curves  are  par- 
allel to  one  another  indicates  that  they  are  working  by  the 
same  mechanism.  Although  the  concept  of  potency  provides 
some  means  of  comparison,  its  practical  use  is  limited.  As  you 
can  see,  a lower-potency  drug  is  frequently  just  as  effective  and 
requires  only  a somewhat  higher  dose.  If  the  low-potency  drug 
also  produces  fewer  side  effects  or  is  less  expensive,  then  it  may 
in  fact  be  the  preferred  drug.  You  might  consider  these  issues 
the  next  time  a drug  advertisement  makes  claims  for  being  the 
most  potent  of  its  kind  available. 

Figure  1.13  also  shows  the  dose-response  for  aspirin.  In 
contrast  to  the  first  three  drugs,  aspirin  is  not  an  opioid,  and 
the  distinctive  shape  of  its  dose-response  curve  shows  that 
although  aspirin  also  relieves  pain,  it  does  not  act  on  the 
same  receptors  or  work  by  the  same  mechanism.  In  addition, 
regardless  of  how  much  aspirin  is  administered,  it  never 
achieves  the  same  efficacy  as  the  opiates. 

The  therapeutic  index  calculates  drug  safety 

Among  the  multiple  responses  to  any  drug,  some  are  unde- 
sirable or  even  dangerous  side  effects  and  need  to  be  evaluat- 
ed carefully  in  a therapeutic  situation.  For  example,  Figure 
1.14  depicts  three  distinct  pharmacological  effects  produced 


by  drug  A,  which  is  prescribed  to  reduce  anxiety.  The  blue 
curve  shows  the  number  of  individuals  who  experience 
reduced  anxiety  at  various  doses  of  the  drug.  The  purple 
curve  shows  the  number  of  persons  suffering  respiratory 
depression  (a  toxic  effect)  from  various  doses  of  the  same 
drug.  Comparing  the  ED50  for  relieving  anxiety  (i.e.,  the  dose 
at  which  50%  of  the  population  show  reduced  anxiety)  and 
the  TD50  (50%  toxic  dose;  the  dose  at  which  50%  of  the  pop- 
ulation experiences  a particular  toxic  effect)  for  respiratory 
depression,  you  can  see  that  for  most  individuals  the  toxic 
dose  is  much  higher  than  the  dose  producing  the  desired 
effect.  An  alternative  interpretation  is  that  at  the  dose  needed 
to  provide  significant  clinical  relief  to  many  patients  (50%), 
almost  none  of  the  patients  would  be  likely  to  experience 
respiratory  depression.  Therefore,  pharmacologists  would 
say  the  drug  has  a relatively  favorable  therapeutic  index 
(TI  = TD50/ED50).  In  contrast,  the  dose  of  drug  A that  pro- 
duces sedation  and  mental  clouding  (red  curve)  is  not  very 
different  from  the  ED50.  That  small  difference  means  that 
there  is  a high  probability  that  a dose  effective  in  reducing 
anxiety  is  likely  to  also  produce  significant  mental  clouding 
and  sedation,  which  may  represent  serious  side  effects  for 
many  people  who  might  use  the  drug. 

Receptor  antagonists  compete  with 
agonists  for  binding  sites 

We  have  already  introduced  the  concept  of  receptor  antago- 
nists: those  drugs  that  compete  with  agonists  to  bind  to 


(respiratory  depression) 

Dose 

Figure  1.14  Comparison  of  ED50  and  TD50  The  therapeutic 
index  is  calculated  by  comparing  the  dose  of  drug  required  to 
produce  a toxic  effect  in  50%  of  the  individuals  (TD50)  with  the 
dose  that  is  effective  for  50%  (ED50).  Each  drug  may  have  several 
therapeutic  indices  based  on  the  toxic  effects  or  side  effects 
that  are  of  concern.  Since  the  optimum  condition  is  to  have  an 
effective  dose  that  is  very  low  and  not  have  toxicity  except  at 
very  high  doses,  the  TI  will  be  large  for  a safer  drug. The  figure 
shows  a large  margin  of  safety  for  an  antianxiety  drug  that  can 
produce  respiratory  depression. 
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receptors  but  fail  to  initiate  an  intracellular  effect,  thereby 
reducing  the  effect  of  the  agonists.  These  are  called  compet- 
itive antagonists.  As  the  name  implies,  they  can  be  displaced 
from  those  sites  by  an  excess  of  the  agonist,  because  an 
increased  concentration  of  active  drug  can  compete  more 
effectively  for  the  fixed  number  of  receptors.  A simple  exam- 
ple will  clarify.  If  we  assume  that  the  agonist  and  antagonist 
have  similar  affinities  for  the  receptor,  then  if  100  molecules 
of  drug  and  1 00  molecules  of  antagonist  were  both  present 
at  the  receptor,  the  probability  of  an  agonist  acting  on  the 
receptor  would  be  1 to  1.  If  drug  molecules  were  increased 
to  1000,  the  odds  of  agonist  binding  rise  to  10  to  1;  at 
1,000,000  agonist  molecules,  the  odds  favor  agonist  binding 
by  10,000  to  1.  Certainly  at  that  point  the  presence  of  the 
antagonist  is  of  no  consequence  to  the  biobehavioral  effect 
measured. 

Figure  1.1 5 A illustrates  the  effect  of  a competitive  antago- 
nist, naloxone,  on  the  analgesic  effect  of  morphine.  The  blue 
line  shows  a typical  dose-response  curve  for  the  analgesic 
effect  of  morphine.  When  the  subjects  were  pretreated  with 
naloxone,  the  dose-response  curve  shifted  to  the  right  (red 
line),  demonstrating  that  for  any  given  dose  of  morphine,  the 
naloxone-pretreated  subjects  showed  less  analgesia.  The  addi- 
tion of  naloxone  diminished  the  potency  of  morphine.  The 
figure  also  shows  that  the  inhibitory  action  of  naloxone  was 
overcome  by  increasing  the  amount  of  morphine  adminis- 
tered; that  is,  the  same  maximum  effect  (analgesia)  was 
achieved,  but  more  morphine  was  required.  If  you  look  at  the 
chemical  structures  of  the  two  drugs  in  Figure  10.3,  you  will 
see  the  striking  similarity  and  understand  how  the  two  drugs 
compete  to  be  recognized  by  the  same  receptor  protein. 

We  have  emphasized  receptor  antagonism  because,  in 
combination  with  the  concept  of  dose-dependency,  it  is  a 
vital  tool  in  pharmacology.  If  we  want  to  know  whether  a 
specific  ligand-receptor  interaction  is  responsible  for  a par- 
ticular biological  effect,  the  biological  effect  must  be  shown 
to  occur  in  proportion  to  the  amount  of  ligand  present 
(dose)  and,  furthermore,  the  effect  must  be  reduced  in  the 
presence  of  a competitive  antagonist. 

Of  course,  other  types  of  antagonism  can  occur.  Non- 
competitive antagonists  are  drugs  that  reduce  the  effect  of 
agonists  in  ways  other  than  competing  for  the  receptor.  For 
example,  a noncompetitive  antagonist  may  impair  agonist 
action  by  binding  to  a portion  of  the  receptor  other  than  the 
agonist  binding  site,  by  disturbing  the  cell  membrane  sup- 
porting the  receptor,  or  by  interfering  with  the  intracellular 
processes  that  were  initiated  by  the  agonist-receptor  associa- 
tion. Figure  1.1 5B  illustrates  the  effect  of  a noncompetitive 
antagonist  on  the  analgesic  effect  of  morphine.  In  general, 
the  shape  of  the  dose-response  curve  will  be  distorted  and 
the  same  maximum  effect  is  not  likely  to  be  reached. 

Furthermore,  although  pharmacologists  are  concerned 
with  molecular  actions  at  the  receptor,  biobehavioral  inter- 
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Figure  1.15  Drug  antagonism  (A)  The  effect  of  a competi- 
tive antagonist  (naloxone)  on  the  analgesic  effect  of  morphine. 
The  addition  of  a competitive  antagonist  essentially  reduces 
the  agonist's  potency,  as  shown  by  the  parallel  shift  of  the 
dose-response  curve  to  the  right.  (B)  In  contrast,  adding  a non- 
competitive antagonist  usually  produces  a distinct  change  in 
the  shape  of  the  dose-response  curve,  showing  that  it  does  not 
act  at  the  same  receptor  site.  Also,  regardless  of  the  increase  in 
morphine,  the  maximum  efficacy  is  never  reached. 


actions  can  also  result  in  several  different  possible  outcomes. 
Physiological  antagonism  (Figure  1.1 6A)  involves  two  drugs 
that  act  in  two  distinct  manners  buHnteract  in  such  a way 
that  they  reduce  each  other’s  effectiveness  in  the  body.  For 
example,  one  drug  may  act  on  receptors  in  the  heart  to 
increase  heart  rate,  while  the  second  may  act  on  distinct 
receptors  in  the  brain  stem  to  slow  heart  rate.  Clearly,  two 
agents  may  have  additive  effects  if  the  outcome  equals  the 
sum  of  the  two  individual  effects  (Figure  1.16B).  Finally, 
potentiation  refers  to  the  situation  in  which  the  combina- 
tion of  two  drugs  produces  effects  that  are  greater  than  the 
sum  of  their  individual  effects  (Figure  1.16C).  Potentiation 
often  involves  issues  of  pharmacokinetics  such  as  altered 
metabolic  rate  or  competition  for  depot  binding,  which  may 
elevate  free  drug  blood  levels  in  unexpected  ways. 
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(A)  Physiological  antagonism 
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Repeated  drug  exposure  can  cause 
tolerance 

Drug  tolerance  is  defined  as  a diminished 
response  to  drug  administration  after 
repeated  exposure  to  that  drug.  In  other 
words,  tolerance  has  developed  when  in- 
creasingly larger  doses  of  a given  drug  must 
be  administered  to  obtain  the  same  magni- 
tude of  biological  effect  that  occurred  with 
the  original  dose.  The  development  of  tol- 
erance to  one  drug  can  also  diminish  the  effectiveness  of  a 
second  drug.  This  phenomenon,  called  cross-tolerance,  is 
the  basis  for  a number  of  drug  interactions.  For  example, 
the  effective  anticonvulsant  dose  of  phenobarbital  is  signifi- 
cantly larger  in  a patient  who  has  a history  of  chronic  alco- 
hol use  than  in  a patient  who  has  not  developed  tolerance 
to  alcohol. 


Figure  1.16  Possible  results  of  the  interac- 
tion of  two  drugs  (A)  Physiological  antago- 
nism results  when  two  drugs  produce  opposite 
effects  and  reduce  each  other's  effectiveness.  (B) 
Additive  effects  occur  when  the  combined  drug 
effect  equals  the  sum  of  each  alone.  (C)  Potenti- 
ation is  said  to  occur  when  the  combined  drug 
effects  are  greater  than  the  sum  of  the  individ- 
ual drug  effects. 


(B)  Additive  effects  (C)  Potentiation 
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Biobehavioral  Effects  of  Chronic  Drug  Use 

Many  prescription  and  over-the-counter  drugs  are  taken  on 
a regular  basis  for  chronic  medical  or  psychiatric  conditions. 
These  drugs  are  taken  for  periods  of  weeks,  months,  or  even 
years.  Recreational  drugs  also  are  most  often  used  repeatedly 
rather  than  on  only  a single  occasion.  When  a drug  is  used 
on  several  occasions  (i.e.,  chronically  administered),  changes 
in  the  magnitude  of  response  to  the  drug  frequently  occur. 
Most  often  the  response  diminishes  with  chronic  use  (toler- 
ance), but  occasionally  the  effects  are  increased  (sensitiza- 
tion). In  some  cases,  selected  effects  of  a particular  drug 
decrease  while  others  increase  in  magnitude,  as  is  true  for  the 
stimulant  drug  amphetamine.  It  should  be  clear  that  an  indi- 
vidual’s drug-taking  history  has  a significant  influence  on 
drug  action. 


Characteristics  of  tolerance  Although  the  appearance  of 
tolerance  varies,  several  general  features  are  worth  mention- 
ing. These  characteristics  are  summarized  in  Table  1.8.  First, 
as  is  true  for  biological  processes  in  general,  tolerance  is 
reversible;  that  is,  it  gradually  diminishes  if  you  stop  using 
the  drug.  Additionally,  the  extent  of  tolerance  that  develops  is 
dependent  on  the  pattern  of  drug  administration:  the  dose 
and  frequency  of  drug  use  as  well  as  the  environment  in 
which  it  occurs.  Chronic  heroin  users  may  take  as  much  as 
1800  mg  without  ill  effects,  despite  the  fact  that  the  lethal 
range  for  a novice  heroin  user  is  200  to  400  mg. 

However,  regardless  of  dose  and  frequency,  some  drugs 
induce  tolerance  relatively  rapidly  (LSD),  while  others  take 
weeks  of  chronic  use  (barbiturates)  or  never  cause  significant 
tolerance  (antipsychotics).  In  some  cases  tolerance  even 
develops  during  a single  administration,  as  when  an  individ- 
ual experiences  significantly  greater  effects  of  alcohol  as  his 
blood  level  rises  than  he  experiences  several  hours  later  when 
his  blood  level  has  fallen  to  the  same  point.  This  form  of  tol- 
erance is  called  acute  tolerance. 

Also,  it  is  important  to  be  aware  that  not  all  biobehavioral 
effects  of  a particular  drug  demonstrate  tolerance  equally. 

TABLE  1 .8  Significant  Characteristics  of  Tolerance 

Reversible  when  drug  use  stops 

Dependent  on  dose  and  frequency  of  drug  use  and 
drug-taking  environment 

May  occur  rapidly,  or  after  long  periods  of  chronic  use, 
or  never 

Not  all  effects  of  a drug  show  the  same  amount  of 
tolerance 

Several  different  mechanisms  explain  multiple  forms 
of  tolerance 
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For  example,  morphine-induced  nausea  and  vomiting  show 
rapid  development  of  tolerance,  but  the  constipating  effects 
of  the  drug  rarely  diminish  even  after  long-term  use.  Some- 
times the  uneven  development  of  tolerance  is  beneficial,  as 
when  tolerance  develops  for  the  side  effects  of  a drug  but  not 
for  its  therapeutic  effects.  At  other  times,  the  uneven  devel- 
opment of  tolerance  poses  a hazard,  as  when  a drugs  desired 
effects  diminish,  requiring  increased  doses,  but  the  lethal  or 
toxic  effects  do  not  show  tolerance.  Chronic  barbiturate  use 
is  one  such  example.  As  more  drug  is  taken  to  achieve  the 
desired  effect,  the  dose  gets  increasingly  close  to  the  lethal 
dose  that  causes  respiratory  depression. 

Finally,  several  types  of  tolerance  exist  and  have  distinct 
mechanisms.  Although  some  drugs  never  induce  tolerance  at 
all,  others  may  cause  several  types  (refer  to  Table  1.9  for  exam- 
ples). The  three  principal  forms  are  drug  disposition  tolerance, 
pharmacodynamic  tolerance,  and  behavioral  tolerance. 

Drug  disposition  tolerance  (metabolic  tolerance)  Drug 
disposition  tolerance,  or  metabolic  tolerance,  occurs  when 
repeated  use  of  a drug  reduces  the  amount  of  that  drug  avail- 
able at  the  target  tissue.  The  most  common  form  of  drug  dis- 
position tolerance  occurs  when  drugs  increase  their  own  rate 
of  metabolism.  It  is  clear  that  many  drugs  are  capable  of  liver 
microsomal  enzyme  induction  (see  the  discussion  on  bio- 
transformation earlier  in  this  chapter),  which  results  in 
increased  metabolic  capacity.  A more-efficient  metabolism 
reduces  the  amount  of  drug  available  to  target  tissue  and 
diminishes  drug  effects.  All  drugs  metabolized  by  the 
induced  enzyme  family  will  likewise  show  a reduced  effect 
(cross-tolerance).  Drug  disposition  tolerance  requires  repeat- 
ed administration  over  time  in  order  for  protein  synthesis  to 
build  new  enzyme  proteins.  Well-documented  examples  of 
inducers  of  liver  enzymes  such  as  cytochrome  P450  include 
drugs  from  many  classes:  the  sedative  phenobarbital,  the 
antibiotic  rifampicin,  the  antiseizure  medication  phenytoin, 
cigarette  smoke,  and  anabolic  steroids. 


Pharmacodynamic  tolerance  The  most  dramatic  form  of 
tolerance  that  develops  to  the  central  actions  of  certain  drugs 
cannot  be  explained  on  the  basis  of  altered  metabolism  or 
altered  concentration  of  drug  reaching  the  brain.  Pharmaco- 
dynamic tolerance  occurs  when  changes  in  nerve  cell  func- 
tion compensate  for  the  continued  presence  of  the  drug.  In  an 
earlier  section  we  described  the  normal  response  to  chronic 
receptor  activation  as  receptor  down-regulation.  Once  recep- 
tors have  down-regulated,  a given  amount  of  drug  will  have 
fewer  receptors  to  act  on  and  therefore  produce  less  of  a bio- 
logical effect.  Compensatory  up-regulation  (increased  receptor 
number)  occurs  in  cases  where  receptor  activation  is  chroni- 
cally reduced.  Other  cellular  adjustments  to  chronic  drug  use 
will  be  described  in  later  chapters  dealing  with  individual 
agents  such  as  ethanol,  amphetamine,  caffeine,  and  others. 

Behavioral  tolerance  Although  many  instances  of  toler- 
ance can  be  attributed  to  cell  physiology  and  chemistry,  a 
behavioral  component  involving  learning  and  adaptation  has 
been  demonstrated  by  numerous  investigators.  Behavioral 
tolerance  (sometimes  called  context-specific  tolerance)  is 
demonstrated  when  tolerance  occurs  in  the  same  environ- 
ment in  which  the  drug  was  administered  but  tolerance  is 
not  apparent  or  is  much  reduced  in  a novel  environment. 
Several  types  of  learning  (habituation,  classical  conditioning, 
and  operant  conditioning)  play  a part  in  the  development  of 
behavioral  tolerance,  as  well  as  in  the  withdrawal  syndrome 
characteristic  of  physical  dependence  (see  Chapter  8). 

Habituation,  the  simplest  form  of  learning,  involves 
learning  not  to  respond  to  a repetitious  stimulus.  Initially, 
any  sudden  stimulus  (e.g.,  a loud  noise)  interferes  with  ongo- 
ing behavior  while  the  individual  orients  to  the  novel  event. 
If  the  stimulus  is  repeated  a number  of  times  with  no  signif- 
icant consequence,  the  normal  behavior  continues  undis- 
rupted. In  an  analogous  way,  the  first  administration  of  a 
drug  may  alter  ongoing  behavior,  but  repeated  exposure  to 
the  drug  effects  will  alter  the  behavior  less  and  less.  Since 


TABLE  1 .9  Types  of  Tolerance  Exhibited  by  Selected  Drugs 


Drug  or  drug  class 

Drug  disposition 
tolerance 

Pharmacodynamic 

tolerance 

Behavioral 

tolerance 

Barbiturates 

+ 

+ 

+ 

Alcohol 

+ 

+ 

+ 

Morphine 

+ 

+ 

+ 

Amphetamine 

- 

+ 

+ 

Cocaine 

- 

+ 

+ 

Caffeine 

- 

+ 

? 

Nicotine 

- 

+ 

? 

LSD 

- 

+ 

- 
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habituation-induced  tolerance  disappears  in  a novel  envi- 
ronment, it  is  unlikely  that  enzyme  or  receptor  changes  are 
responsible. 

Pavlovian,  or  classical  conditioning,  plays  an  important 
role  in  drug  use  and  in  tolerance.  In  the  original  experiments 
with  Pavlov’s  dogs,  the  meaningless  bell  (neutral  stimulus) 
was  presented  immediately  before  the  presentation  of  the 
meat  (unconditioned  stimulus),  which  elicited  reflexive  sali- 
vation (unconditioned  response).  Following  repeated  pair- 
ings, the  bell  took  on  the  characteristic  of  a conditioned 
stimulus,  because  presented  alone  it  could  elicit  salivation, 
now  a conditioned  response.  Since  many  psychoactive  drugs 
elicit  reflexive  effects  such  as  cortical  arousal,  elevated  blood 
pressure,  or  euphoria,  they  can  act  like  unconditioned  stim- 
uli, and  the  drug- taking  procedure  or  stimuli  in  the  environ- 
ment may  become  conditioned  stimuli  that  elicit  a condi- 
tioned response  even  before  the  drug  is  administered  (Figure 
1.17).  These  results  may  explain  why  the  various  rituals  and 
procedures  of  drug  procurement  and  use  may  elicit  reinforc- 
ing effects  similar  to  those  of  the  drug  itself.  An  example  of 
this  phenomenon  is  the  “needle  freak,”  who  by  act  of  injec- 
tion alone  derives  significant  morphine-like  effects.  Why  the 
conditioned  response  is  similar  to  the  unconditioned 
response  in  some  cases  and  different  from  (even  opposite) 


Reflexive 
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Drug  paraphernalia 
(neutral  stimulus) 


Conditioned 
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reflex 


Drug  paraphernalia 
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Figure  1 .1 7 Classical  conditioning  of  drug-related  cues 

Although  drug-taking  equipment  and  the  immediate  environ- 
ment is  initially  a meaningless  stimulus  to  the  individual,  its 
repeated  pairing  with  the  drug  (unconditioned  stimulus;  US), 
which  naturally  elicits  euphoria,  arousal,  or  other  desirable  effects 
(unconditioned  response;  UR),  gives  the  drug-taking  equipment 
new  meaning.  Ultimately  the  equipment  and  environment  alone 
(now  a conditioned  stimulus;  CS)  could  elicit  drug  effects  (condi- 
tioned response;  CR)  in  the  absence  of  the  drug. 
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the  unconditioned  response  in  other  cases  is  not  entirely 
clear.  Nevertheless,  both  occurrences  are  well  documented. 

Siegel  ( 1985)  suggests  that  tolerance  is  at  least  in  part  due 
to  the  learning  of  an  association  between  the  effects  of  a 
given  drug  and  the  environmental  cues  that  reliably  precede 
the  drug  effects.  To  explain  tolerance  development,  the 
“anticipatory”  response  (conditioned  response)  must  be 
compensatory  in  nature.  That  is,  the  environment  associated 
with  the  administration  of  the  drug  elicits  physiological 
responses  opposite  to  the  effect  of  the  drug.  For  instance,  in 
animals  repeatedly  experiencing  the  hyperthermic  effects  of 
injected  morphine,  the  injection  procedure  alone  in  the  same 
environment  leads  to  a compensatory  drop  in  body  tempera- 
ture. Figure  1.18  shows  the  results  of  a study  of  two  groups  of 
rats  that  had  an  identical  course  of  morphine  injections 
(5  mg/kg  SC  for  10  days)  that  would  normally  produce  evi- 
dence of  tolerance  to  the  hyperthermic  effect.  On  test  day, 
the  rats  given  morphine  in  the  identical  environment  (the 
“Same”  animals)  showed  the  expected  decrease  in  hyper- 
thermia, an  indication  of  tolerance.  Animals  given  morphine 
in  a novel  environment  (the  “Different”  animals)  did  not 
show  the  same  extent  of  tolerance.  The  conclusion  drawn  is 
that  classically  conditioned  environmental  responses  con- 
tribute to  the  development  of  tolerance  to  morphine.  Some 
researchers  believe  that  environmentally  induced  tolerance 
may  explain  why  addicts  who  use  their  drug  in  a new  envi- 


Figure  1.18  Tolerance  to  morphine-induced  hyper- 
thermia Following  an  identical  series  of  prior  morphine  injec- 
tions (5  mg/kg  SC  for  1 0 days),  rats  were  tested  with  a morphine 
injection  and  changes  in  body  temperature  were  measured  for 
the  next  two  hours.  One  group  of  rats  was  given  the  morphine 
In  the  same  environment  In  which  they  were  previously  treated 
("Same")/ and  the  second  group  were  tested  in  a novel  environ- 
ment ("Different"). The  animals  treated  in  the  same  environ- 
ment show  much  less  hyperthermia,  which  indicates  tolerance. 
(After  Siegel,  1978b.) 
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ronment  or  alter  their  drug-taking  routine  may  suddenly 
show  much  greater  response  to  the  same  dose  of  the  drug 
they  had  used  the  day  before.  This  phenomenon  may  explain 
at  least  some  of  the  fatal  drug  overdoses  that  were  described 
at  the  beginning  of  the  chapter.  Although  environment  is 
clearly  significant  in  drug  tolerance,  keep  in  mind  that  the 
neural  changes  that  underlie  learning  or  behavioral  tolerance 
are  subtle  alterations  in  physiology  that  may  be  similar  to 
pharmacodynamic  tolerance. 

The  appearance  of  tolerance  to  a psychoactive  drug  is 
often  manifested  in  a task  in  which  operant  conditioning 
plays  some  part.  For  example,  Leblanc  et  al.  (1976)  showed 
that  alcohol  administration  (2.5  g/kg  IP)  to  rats  initially  dis- 
rupted the  performance  of  traversing  a moving  belt,  but 
repeated  administrations  had  less  and  less  effect.  The 
improved  performance  could  be  identified  as  a type  of  toler- 
ance, but  the  apparent  tolerance  could  be  due  to  the  learning 
of  a new  skill  (the  ability  to  run  a treadmill  while  under  the 
influence  of  the  drug),  which  we  would  expect  to  improve 
with  practice.  How  do  we  know  that  the  improvement  is  not 
due  to  changes  in  metabolic  rate  or  pharmacodynamic  toler- 
ance? The  answer  can  be  found  by  adding  a second  group  of 
animals,  who  had  the  same  number  of  alcohol  treatments  and 
the  same  number  of  practice  sessions  on  the  treadmill,  but 
the  drug  was  administered  after  each  practice  session.  If  the 
tolerance  in  the  first  group  was  due  to  metabolic  changes,  the 
extent  of  tolerance  in  the  two  groups  should  have  been  iden- 
tical, but  in  fact  the  second  group  showed  significantly  less 
tolerance.  The  same  type  of  tolerance  is  demonstrated  by  the 
alcoholic  who  learns  to  maneuver  fairly  efficiently  while  high- 
ly intoxicated  to  avoid  detection,  whereas  a less  experienced 
alcohol  abuser  with  the  same  blood  alcohol  level  may  appear 
behaviorally  to  be  quite  intoxicated. 

State-dependent  learning  State-dependent  learning  is  a 

concept  that  is  closely  related  to  behavioral  tolerance.  Tasks 
learned  in  the  presence  of  a psychoactive  drug  may  subse- 
quently be  performed  better  in  the  drugged  state  than  in  the 
nondrugged  state.  Conversely,  learning  acquired  in  the  non- 
drugged  state  may  be  more  available  in  the  nondrugged  state. 
This  phenomenon,  which  has  been  called  state-dependent 
learning,  illustrates  the  difficulty  in  transferring  learned  per- 
formance from  a drugged  to  a nondrugged  condition  (Fig- 
ure 1.19).  An  example  of  this  is  the  alcoholic  who  during  a 
binge  hides  his  supply  of  liquor  for  later  consumption,  but 
is  unable  to  find  it  while  he  is  sober  (in  the  nondrugged 
state).  Once  he  has  returned  to  the  alcoholic  state,  he  can 
readily  locate  his  cache. 

One  explanation  for  state  dependency  is  that  the  drug 
effect  may  become  part  of  the  environmental  “set”;  that  is,  it 
may  assume  the  properties  of  a stimulus  itself.  A drugged 
subject  learns  to  perform  a particular  task  in  relationship  to 
all  the  internal  and  external  cues  in  the  environment,  includ- 


Training 


No  drug 

Drug 

No  drug 

A 

Good 

recall 

B 

Less- 

effective 

recall 

Drug 

C 

Less- 

effective 

recall 

D 

Good 

recall 

Figure  1.19  Experimental  design  to  test  state-depend- 
ent learning  Four  different  conditions  demonstrate  the  diffi- 
culties in  transferring  learning  from  one  drug  state  to  another. 
Individuals  trained  without  drug  and  tested  without  drug  (A) 
show  maximum  performance  that  is  not  much  different  than 
those  trained  and  tested  under  the  influence  of  the  drug  (D). 
However,  subjects  asked  to  perform  in  a state  different  from  the 
training  condition  (B  and  C)  showed  less-efficient  recall. 


ing,  it  is  argued,  drug-induced  cues.  Thus  in  the  absence  of 
drug-induced  cues,  performance  deteriorates  much  the  same 
as  if  the  test  apparatus  was  altered.  It  has  been  shown  in  ani- 
mal studies  that  the  decrease  in  performance  is  very  much 
related  to  the  change  in  environmental  cues  and  that  a par- 
ticular drug  state  does  provide  readily  discriminable  stimuli 
(Overton,  1984).  Further  discussion  of  the  cueing  properties 
of  drugs  follows  in  Chapter  4. 

Chronic  drug  use  can  cause  sensitization 

Despite  the  fact  that  repeated  drug  administration  produces 
tolerance  for  many  drug  effects,  sensitization  can  occur  for 
others.  Sensitization,  sometimes  called  reverse  tolerance,  is 
the  enhancement  of  particular  drug  effects  following  repeat- 
ed administration  of  the  same  dose  of  drug.  For  instance, 
prior  administration  of  cocaine  to  animals  significantly 
increases  motor  activity  and  stereotypy  (continuous  repeti- 
tion of  a simple  action  such  as  head  bobbing)  produced  by 
subsequent  stimulant  administration.  Chronic  administra- 
tion of  higher  doses  of  cocaine  has  also  been  shown  to  pro- 
duce an  increased  susceptibility  to  cocaine-induced  catalepsy, 
in  which  the  animal  remains  in  abnormal  or  distorted  pos- 
tures for  prolonged  intervals,  as  well  as  hyperthermia  and 
convulsions  (Post  and  Weiss,  1988).  Cocaine  and  ampheta- 
mine are  examples  of  drugs  that  induce  tolerance  for  some 
effects  (euphoria)  and  sensitization  for  others. 
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As  is  true  for  tolerance,  the  development  of  sensitization 
is  dose-dependent  and  the  interval  between  treatments  is 
important.  Further,  cross-sensitization  with  other  psy- 
chomotor stimulants  has  been  documented.  The  augmenta- 
tion of  response  to  drug  challenge  tends  to  persist  for  long 
periods  of  abstinence,  indicating  that  long-term  physiologi- 
cal changes  occur  as  a result  of  stimulant  administration. 
However,  conditioning  also  plays  a significant  role  in  the 
appearance  of  sensitization.  Pretreatment  with  the  stimulant 
and  subsequent  testing  in  dissimilar  environments  yields  sig- 
nificantly less  sensitization  than  that  occurring  in  the  identi- 
cal environment.  Further  discussion  of  sensitization  will  be 
found  in  Chapter  3.  Young  and  Goudie  (1995)  is  an  excellent 
source  for  more  detail  on  the  role  of  classical  and  operant 
conditioning  in  the  development  of  tolerance  to  behavioral 
effects  of  drugs. 

Section  Summary 

The  concept  of  the  receptor  is  vital  to  pharmacology,  as 
drugs  have  biological  effects  only  because  they  interact  with 
receptors  on  target  tissues.  Drugs  or  ligands  that  bind  and 
are  capable  of  changing  the  shape  of  the  receptor  protein  and 
subsequently  alter  cell  function  are  called  agonists.  The  lig- 
ands that  attach  most  readily  are  said  to  have  high  affinity  for 
the  receptor.  Antagonists,  in  contrast,  are  capable  of  binding 
and  may  have  high  affinity,  but  they  produce  no  physiologi- 
cal change,  that  is,  they  have  little  or  no  efficacy.  Antagonists 
also  prevent  agonists  from  binding  to  the  receptor  at  the 
same  moment,  hence  “blocking”  agonist  activity.  Rather  than 
being  fixed,  the  number  of  receptors  changes  to  compensate 
for  either  prolonged  stimulation  (causing  down-regulation) 
or  absence  of  receptor  stimulation  (up-regulation  of  recep- 
tors). Pharmacologists  study  the  relationship  between  drug, 
receptor,  and  biobehavioral  effect  by  analyzing  dose- 
response  curves.  The  curves  show  the  threshold  dose  at 
which  biobehavioral  effects  can  first  be  measured.  With 
increasing  doses,  the  effect  also  increases  in  a linear  fashion 
until  the  maximum  effect  is  reached.  The  ED50  is  the  dose 
that  produces  a half-maximal  (50%)  effect  and  is  used  to 
compare  the  potency  of  drugs  that  produce  similar  biobe- 
havioral effects.  The  more  potent  drug  is  the  one  that  has  the 
lower  ED50.  Comparison  of  the  ED50  with  the  TD50  ( 50% 
toxic  dose)  for  a single  drug  helps  us  calculate  the  therapeu- 
tic index.  A large  therapeutic  index  suggests  that  the  drug  is 
effective  at  low  doses  but  the  toxic  dose  is  high,  making  the 
drug  relatively  safe.  A small  TI  suggests  that  there  is  not 
much  difference  between  the  effective  and  toxic  doses,  so  the 
drug  is  potentially  dangerous. 

Receptor  antagonists  are  competitive  if  they  reduce  the 
effects  of  an  agonist  by  binding  to  the  same  receptor  and 
reducing  agonist-receptor  interaction.  This  type  of  interac- 


tion reduces  the  potency  of  the  agonist,  as  shown  by  a paral- 
lel shift  of  the  dose-response  curve  to  the  right.  However,  the 
maximum  effect  is  not  altered,  because  raising  the  agonist 
concentration  can  overcome  the  action  of  the  antagonist. 
Noncompetitive  antagonists  impair  agonist  function  by 
altering  the  receptor  at  a modulatory  site,  by  impeding  the 
initiation  of  intracellular  processes,  or  by  disturbing  the 
membrane  surrounding  the  receptor.  Drugs  can  also  inter- 
act by  altering  the  biological  effects  beyond  the  receptor’s  site 
of  action.  Drugs  can  produce  physiological  antagonism, 
additive  effects,  or  potentiation.  In  potentiation,  the  two 
drugs  produce  effects  greater  than  the  sum  of  their  individ- 
ual effects. 

When  drugs  are  administered  on  more  than  one  occasion, 
the  magnitude  of  drug  response  often  changes.  Most  often 
chronic  drug  use  leads  to  tolerance,  that  is,  a diminished 
effect,  but  in  some  circumstances  drug  effects  increase  with 
repeated  use,  a phenomenon  called  sensitization.  Cross- 
tolerance may  occur  if  repeated  use  of  one  drug  reduces  the 
effectiveness  of  a second  drug.  Although  there  are  several 
types  of  tolerance,  with  distinct  mechanisms,  tolerance  in 
general  is  a reversible  condition.  In  addition,  it  is  dependent 
on  the  dose  and  frequency  of  use,  although  some  drugs 
induce  tolerance  rapidly  while  others  require  longer  treat- 
ment or  never  cause  tolerance  at  all.  Further,  not  all  effects  of 
a drug  undergo  tolerance  to  the  same  extent  or  at  the  same 
rate.  Drug-disposition  tolerance  occurs  when  drugs  induce 
the  formation  of  the  livers  metabolizing  enzymes.  Increased 
enzyme  action  reduces  the  effective  blood  level  of  the  drug 
more  rapidly,  so  the  biobehavioral  effect  is  reduced.  Pharma- 
codynamic tolerance  depends  on  the  compensation  of  the 
nervous  system  to  the  continued  presence  of  the  drug. 
Changes  may  include  increases  or  decreases  in  receptor  num- 
ber or  other  compensatory  intracellular  processes.  Behavioral 
tolerance  occurs  when  learning  processes  and  environmental 
cues  contribute  to  the  reduction  in  drug  effectiveness.  Habit- 
uation, Pavlovian  conditioning,  and  operant  conditioning  can 
contribute  to  the  change  in  drug  response. 
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Neurogenesis  in  the  adult  mouse  hippocampus  is 
visualized  by  fluorescent  microscopy. 


ou  Gehrig  was  born  in  New  York  City  in  1903  to  German  immigrant 
parents.  After  attending  Columbia  University  he  joined  the  Yankees 
as  first  baseman,  where  he  earned  the  nickname  “Iron  Horse”  for 
the  strength  and  power  of  his  game  and  his  endurance  even  in  the  face  of 
multiple  injuries.  His  record,  only  recently  broken,  of  playing  2130  consecu- 
tive games  despite  injuries,  multiple  bone  breaks,  and  back  spasms  attests  to 
his  determination  and  fortitude.  He  was  beloved  among  fans  for  his  humility 
and  character.  Gehrig  and  his  teammate  Babe  Ruth  formed  the  core  of  the 

most  incredible  hitting  team  known  to  baseball.  All  of 
that  ended  in  1938  when  it  became  evident  that 
Gehrig  was  gradually  losing  the  strength  to  swing  the 
bat  and  his  gait  had  deteriorated  to  a sliding  of  his  feet 
along  the  ground.  Not  long  after,  he  was  diagnosed 
with  amyotrophic  lateral  sclerosis  (ALS),  now  most 
often  called  Lou  Gehrig’s  disease. 

This  neurological  disorder  begins  with  muscle  weak- 
ness, loss  of  muscle  control,  atrophy,  and  fatigue,  and 
rapidly  progresses  so  that  all  motor  function  is  ulti- 
mately lost,  leaving  the  individual  unable  to  walk, 
speak,  swallow,  or  breathe.  Perhaps  most  devastating  is 
that  although  both  motor  neurons  from  the  spinal  cord 
to  skeletal  muscles  and  descending  motor  neurons  in 
the  frontal  lobe  of  the  cerebral  cortex  degenerate, 
almost  all  other  functions  remain  intact,  including  cog- 
nitive function,  leaving  the  individual  mentally  alert 
and  fully  aware  of  his  wasting  away  and  ultimate  total 
paralysis. 

Symptoms  of  ALS  do  not  show  spontaneous  remis- 
sion, and  no  available  treatment  does  more  than  slow 
the  progression  of  the  disease  by  a few  months.  At  this 
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time  there  is  no  known  cause  for  ALS,  nor  is 
the  cellular  mechanism  of  nerve  degeneration 
clear.  However,  both  the  cause  and  cure  of 
ALS  will  be  identified  with  further  research 
into  the  fundamental  functions  of  neurons 
and  their  interaction,  which  is  the  focus  of 
Chapter  2. 

As  we  already  know,  psychopharmacology 
is  the  study  of  how  drugs  affect  emotion, 
memory,  thinking,  and  behavior.  Drugs  can 
produce  these  widespread  effects  because  they 
modify  the  function  of  the  human  brain,  most 
often  by  altering  the  chemical  nature  of  the 
nervous  system.  For  an  understanding  of  drug 
action  we  first  need  to  know  a bit  about  indi- 
vidual nerve  cell  structure  and  electrochemical 
function.  Second,  we  need  to  have  an  essential 
understanding  of  how  these  individual  cells 
form  the  complex  circuits  that  represent  the 
anatomical  basis  for  behavior.  We  hope  that  for 
most  readers,  Chapter  2 will  be  a review  of  ( 1 ) 
the  structure  of  nerve  cells;  (2)  electrochemi- 
cal properties  of  neurons;  and  (3)  anatomy  of 
the  nervous  system  as  we  put  the  individual 
neurons  together  into  functional  units.  Chap- 
ter 3 follows  up  with  greater  detail  on  the 
chemical  nature  of  nerve  cell  function. 
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Figure  2.1  Varied  shapes  of  neurons  These  drawings  are  from  actual 
Cells  Of  the  Nervous  System  nerve  cells  stained  by  the  Golgi  technique.  Neurons  are  drawn  to  different  scales 

to  show  their  varied  structures. 


All  tissues  in  the  body  are  composed  of  cells, 
and  the  special  characteristics  of  those  cells 
determine  the  structure  and  function  of  the  tissue  or  organ. 
In  the  nervous  system  there  are  two  primary  types  of  cells, 
nerve  cells  called  neurons  and  supporting  cells  called  glial 
cells  that  provide  metabolic  support,  protection,  and  insula- 
tion for  neurons  (see  the  section  on  glial  cells  later  in  the 
chapter).  The  principal  function  of  neurons  is  to  transmit 
information  in  the  form  of  electrical  signaling  over  long  dis- 
tances. Sensory  neurons,  sensitive  to  environmental  stimuli, 
convert  the  physical  stimuli  in  the  world  around  us  and  in 
our  internal  environment  into  an  electrical  signal  and  trans- 
mit that  information  to  circuits  of  interneurons,  which  are 
nerve  cells  within  the  brain  and  spinal  cord.  Interneurons 
form  complex  interacting  neural  circuits  and  are  responsible 
for  conscious  sensations,  recognition,  memory,  decision 
making,  and  cognition.  In  turn,  motor  neurons  direct  a 
biobehavioral  response  appropriate  for  the  situation. 
Although  these  neurons  have  common  features,  their  struc- 
tural arrangements  and  sizes  vary  according  to  their  specific 
functions.  Figure  2.1  provides  some  examples  of  the  many 
possible  shapes  of  neurons  that  were  first  described  by  the 
nineteenth-century  histological  studies  of  the  Spanish  neu- 
roanatomist Ramon  y Cajal.  For  much  of  the  twentieth  cen- 


tury, neuroscientists  relied  on  the  same  set  of  techniques 
developed  by  the  early  neuroanatomists  to  describe  and  cat- 
egorize the  diversity  of  cell  types  in  the  nervous  system. 
However,  from  the  late  1970s  onward,  remarkable  new  tech- 
nologies (see  Chapter  4)  in  cell  biology  and  molecular  biolo- 
gy provided  investigators  with  many  additional  tools  to  iden- 
tify minute  differences  in  the  structural  features  of  neurons, 
trace  their  multiple  connections,  and  evaluate  physiological 
responses. 

Neurons  have  three  major  external  features 

Although  neurons  come  in  a variety  of  shapes  and  sizes  and 
utilize  various  neurochemicals,  they  have  several  principal 
external  features  in  common  (Figure  2.2).  These  features 
include  (1)  the  cell  body,  or  soma,  containing  the  nucleus 
and  other  organelles  that  maintain  cell  metabolic  function; 
(2)  the  dendrites,  which  are  treelike  projections  from  the 
soma  that  receive  information  from  other  cells;  and  (3)  the 
axon,  the  single  tubular  extension  that  conducts  the  electri- 
cal signal  from  the  cell  body  to  the  terminal  buttons  on  the 
axon  terminals.  Like  all  other  cells,  neurons  are  enclosed  by  a 
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Figure  2.2  Principal  parts  of  neurons  Despite  differences 
in  size  and  shape,  most  neurons  have  numerous  features  in 
common. 


semipermeable  membrane  and  are  filled  with  a salty,  gelati- 
nous fluid,  the  cytoplasm.  Neurons  are  also  surrounded  by 
salty  fluid  (extracellular  fluid),  from  which  they  take  oxy- 
gen, nutrients,  and  drugs  and  into  which  they  secrete  meta- 
bolic waste  products  that  ultimately  reach  the  blood  and 
then  are  filtered  out  by  the  kidneys  (see  Chapter  1).  Like 
other  cells,  neurons  have  mitochondria,  which  are  respon- 
sible for  generating  energy  from  glucose  in  the  form  of 
adenosine  triphosphate  (ATP).  Mitochondria  are  found 
throughout  the  cell  but  particularly  where  energy  needs  are 
great.  Since  neurons  use  large  quantities  of  ATP,  mitochon- 
drial function  is  critical  for  survival,  and  ATP  is  synthesized 
continually  to  support  neuron  function.  The  assumption 
that  the  rate  of  synthesis  of  ATP  reflects  neuron  activity  is  an 
underlying  premise  of  several  neurobiological  techniques 
that  give  us  the  opportunity  to  visualize  the  functioning  of 
brain  cells  (see  Chapter  4 for  a discussion  of  positron  emis- 
sion tomography  [PET]  and  functional  magnetic  resonance 
imaging  [fMRI]). 

Dendrites  The  general  pattern  of  neuron  function  involves 
the  dendrites  and  soma  receiving  information  from  other 
cells  across  the  gap  between  them,  called  the  synapse.  On  the 
dendrites  of  a single  neuron  as  well  as  on  the  soma  there  may 
be  thousands  of  receptors,  which  respond  to  neurochemicals 
released  by  other  neurons.  Depending  on  the  changes  pro- 
duced in  the  receiving  cell,  the  overall  effect  may  be  either 
excitatory  or  inhibitory.  Hence  each  neuron  receives  and  inte- 
grates a vast  amount  of  information  from  many  cells,  a func- 
tion called  convergence.  The  integrated  information  can  in 
turn  be  transmitted  to  a few  neurons  or  thousands  of  other 
neurons,  a process  known  as  divergence.  If  we  look  a bit  more 
carefully  using  higher  magnification,  we  see  that  the  dendrites 
are  usually  covered  with  short  dendritic  spines  (Figure  2.3A 
and  B)  that  dramatically  increase  the  receiving  surface  area. 


Figure  2.3  Dendritic  trees 
with  spines  (A)  A neuron  with  its 
dendrites  is  clearly  apparent  at 
1 0Ox  magnification.  (B)  Higher 
magnification  (250x)  shows  multi- 
ple spines  all  along  the  dendrite. 
(From  Jacobson,  1 972.) 
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The  dendrites  and  their  spines  exhibit  the  special  feature  of 
being  constantly  modified  and  can  change  shape  rapidly  in 
response  to  changes  in  synaptic  transmission  (Fischer  et  al., 
1998).  These  changes  occur  throughout  life  and  permit  us  to 
continue  to  learn  new  associations  as  we  interact  with  our 
environment. 

Axons  and  terminal  buttons  The  single  long  extension 
from  the  soma  is  the  axon.  Axons  are  tubular  in  structure 
and  are  filled  with  axoplasm  (i.e.,  cytoplasm  within  the 
axon).  Axons  vary  significantly  in  both  length  and  diameter. 
Their  function  is  to  transmit  the  electrical  signal  (action 
potential)  that  is  generated  at  the  axon  hillock  down  the 
length  of  the  axon  to  the  terminals.  The  axon  hillock  is  that 
portion  of  the  axon  that  is  adjacent  to  the  cell  body. 

Although  there  is  usually  only  one  axon  for  a given  neuron, 
axons  split  or  bifurcate  into  numerous  branches  called  axon 
collaterals,  providing  the  capacity  to  influence  many  more 
cells.  At  the  end  of  the  axons,  there  are  small  enlargements 
called  terminal  buttons,  which  are  located  near  other  cells’ 
dendrites  or  somas.  Terminal  buttons  are  also  called  boutons 
or  axon  terminals.  The  terminal  buttons  contain  small  packets 
(synaptic  vesicles)  of  neurochemicals  (called  neurotransmit- 
ters) that  provide  the  capacity  for  chemical  transmission  of 
information  across  the  synapse  to  the  adjacent  cells  or  target 
organ.  Neurons  are  frequently  named  according  to  the  neuro- 
transmitter they  synthesize  and  release.  Hence  cells  that  release 
dopamine  are  dopaminergic  neurons,  those  that  release  sero- 
tonin are  serotonergic,  and  so  forth. 

Most  axons  are  wrapped  with  a fatty  insulating  coating, 
called  myelin,  created  by  concentric  layers  of  glial  cells  (Fig- 
ure 2.4A).  Those  glial  cells  that  are  responsible  are  of  two 
types:  Schwann  cells,  which  myelinate  peripheral  nerves  that 
serve  muscles,  organs,  and  glands;  and  oligodendroglia, 
which  myelinate  nerves  within  the  brain  and  spinal  cord.  The 
myelin  sheath  provided  by  both  types  of  glial  cells  is  not  con- 
tinuous along  the  axon  but  has  breaks  in  it  where  the  axon  is 
bare  to  the  extracellular  fluid.  These  bare  spots  are  called 
nodes  of  Ranvier  (Figure  2.4B)  and  are  the  sites  where  the 
action  potential  is  regenerated  during  the  conduction  of  the 
electrical  signal  along  the  length  of  the  axon.  The  myelin 
sheath  increases  the  speed  of  conduction  along  the  axon;  in 
fact,  the  thicker  the  myelin,  the  quicker  the  conduction. 
While  a small  number  of  neurons  are  unmyelinated  and  con- 
duct slowly,  others  are  thinly  wrapped,  and  some  rapidly 
conducting  neurons  may  have  a hundred  or  more  wraps. 
Myelination  also  saves  energy  by  reducing  the  effort  required 
to  restore  the  neuron  to  its  resting  state  following  the  trans- 
mission of  the  electrical  signal. 

Soma  The  cell  body  is  responsible  for  the  metabolic  care 
of  the  neuron.  Among  its  important  functions  is  the  synthe- 
sis of  proteins  that  are  needed  throughout  the  cell  for  growth 
and  maintenance.  The  proteins  include  such  things  as 


enzymes,  receptors,  and  components  of  the  cell  membrane. 
Within  the  nucleus  are  pairs  of  chromosomes  that  we  inher- 
ited from  our  parents.  Chromosomes  are  long  strands  of 
DNA,  and  genes  are  small  portions  of  chromosomes  that 
code  for  the  manufacture  of  a specific  protein  molecule. 
Hence  the  coding  region  of  a gene  provides  the  “recipe”  for  a 
specific  protein  such  as  a receptor  or  enzyme.  Although  every 
cell  in  the  body  contains  the  full  genetic  library  of  informa- 
tion, each  cell  type  manufactures  only  those  proteins  needed 
for  its  specific  function.  Hence  liver  cells  manufacture 
enzymes  to  metabolize  toxins,  while  neurons  manufacture 
enzymes  needed  to  synthesize  neurotransmitters  and  carry 
out  functions  necessary  for  neural  transmission.  In  addition, 
which  specific  genes  are  activated  is  also  determined  in  part 
by  our  day-to-day  experience.  Neurobiologists  are  finding 
that  experiences  such  as  prolonged  stress  or  chronic  drug  use 
may  turn  on  or  turn  off  the  production  of  particular  proteins 
by  modifying  transcription  factors.  Transcription  factors  are 
nuclear  proteins  that  direct  protein  production.  Transcrip- 
tion factors  such  as  CREB  bind  to  the  promotor  region  of 
the  gene  adjacent  to  the  coding  region,  modifying  its  rate  of 
transcription. 

Transcription  occurs  in  the  nucleus,  where  messenger 
RNA  (mRNA)  makes  a complementary  copy  of  the  active 
gene.  After  moving  from  the  nucleus  to  the  cytoplasm, 
mRNA  attaches  to  organelles  called  ribosomes,  which  decode 
the  recipe  and  link  the  appropriate  amino  acids  together  to 
form  the  protein.  This  process  is  called  translation.  Some  of 
the  basic  steps  to  protein  synthesis  are  shown  in  Figure  2.5. 

Having  said  that  proteins  are  synthesized  within  the  soma 
and  knowing  that  the  proteins  are  needed  throughout  the 
neuron,  we  must  consider  how  the  proteins  are  moved  to  the 
required  destination.  The  process  is  called  axoplasmic  trans- 
port and  it  depends  on  structures  of  the  cytoskeleton.  The 
cytoskeleton,  as  the  name  suggests,  is  a matrix  composed  of 
tubular  structures,  which  include  microtubules  and  neurofila- 
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Figure  2.4  Myelin  sheath  (A)  Cross  section  of  an  axon  with 
multiple  layers  of  glial  cell  wraps  forming  the  myelin  sheath.  (B) 
Longitudinal  drawing  of  a myelinated  axon  at  a node  of  Ranvier. 
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Figure  2.5  Stages  of  protein  synthesis  Activation  of  a 
gene  by  a transcription  factor  initiates  the  formation  of  mRNA 
within  the  nucleus,  followed  by  translation  into  a protein  on  the 
ribosomes  in  the  cytoplasm. 

ments  that  form  a mesh-like  mass  that  provides  shape  for  the 
cell.  In  addition,  the  microtubules,  which  run  longitudinally 
down  the  axon,  provide  a stationary  track  along  which  small 


packets  of  newly  synthesized  protein  are  carried  by  specialized 
motor  proteins  (Figure  2.6).  The  movement  of  materials  occurs 
in  both  directions.  Newly  synthesized  proteins  are  packaged  in 
the  soma  and  transported  in  an  anterograde  direction  toward 
the  axon  terminals.  At  the  terminals  the  contents  are  released, 
and  retrograde  axonal  transport  carries  waste  materials  from 
the  axon  terminals  back  to  the  soma  for  recycling. 

Characteristics  of  the  cell  membrane 
are  critical  for  neuron  function 

One  of  the  more  important  characteristics  of  neurons  is  the 
cell  membrane.  In  Chapter  1 we  learned  that  neuronal  mem- 
branes are  essentially  a phospholipid  bilayer  that  prevents 
most  materials  from  freely  passing  (see  Figure  1.3)  unless 
they  are  lipid  soluble.  In  addition  to  the  phospholipids, 
membranes  also  have  proteins  inserted  into  the  bilayer.  Many 
of  these  proteins  are  receptors,  large  molecules  that  are  the 
initial  sites  of  action  of  neurotransmitters,  hormones,  and 
drugs.  Details  of  these  receptors  and  their  functions  are 
described  in  Chapter  3.  Other  important  proteins  associated 
with  the  membrane  are  enzymes  that  catalyze  biochemical 
reactions  in  the  cell.  The  third  important  group  of  proteins 
are  ion  channels  and  transporters.  Because  the  membrane  is 
not  readily  permeable  to  charged  molecules,  special  devices 
are  needed  to  move  molecules  such  as  amino  acids,  glucose, 
and  metabolic  products  across  the  membrane.  Movement  of 
these  materials  is  achieved  by  transporter  proteins,  which 
are  described  further  in  Chapter  3.  In  addition,  charged  par- 
ticles (ions),  such  as  potassium  (K+),  sodium  (Na+),  chloride 
(Cl“),  and  calcium  (Ca2+),  that  are  needed  for  neuron  func- 
tion can  be  moved  through  the  membrane  only  via  ion 
channels.  These  channels  are  protein  molecules  that  pene- 
trate through  the  cell  membrane  and  have  a water-filled  pore 
through  which  ions  can  pass. 

Ion  channels  have  several  important  characteristics.  First, 
they  are  relatively  specific  for  a particular  ion,  although  some 
allow  more  than  one  type  of  ion  to  pass  through.  Second, 
most  channels  are  not  normally  open  to  allow  free  passage 
of  the  ions,  but  are  in  a closed  configuration  that  can  be 
opened  momentarily  by  specific  stimuli.  These  channels  are 
referred  to  as  gated  channels.  The  two  types  of  channels  of 
immediate  interest  to  us  are  the  ligand-gated  channels  and 
the  voltage-gated  channels.  Looking  at  Figure  2.7A,  you  can 
see  that  when  a drug,  hormone,  or  neurotransmitter  binds 
to  a receptor  that  recognizes  the  ligand,  the  channel  protein 
changes  shape  and  opens  the  gate,  allowing  a flow  of  a spe- 
cific ion  to  move  either  into  or  out  of  the  cell.  The  direction 
in  which  an  ion  moves  is  determined  by  its  relative  concen- 
tration; it  always  travels  from  high  to  low  concentration. 
Flence,  given  an  open  gate,  Na+,  Cl",  and  Ca2+  will  move  into 
the  cell,  while  K+  moves  out.  A second  type  of  channel,  which 
will  be  of  importance  later  in  this  chapter,  is  the  type  that  is 
opened  by  voltage  differences  across  the  membrane.  These 
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Figure  2.6  Axoplasmic  transport  The  movement  of  newly  synthesized  proteins 
from  the  soma  to  the  axon  terminals  (anterograde)  is  powered  along  the  microtubules  by 
a motor  protein  called  kinesin.  Old  proteins  are  carried  from  the  terminals  to  the  soma 
(retrograde)  by  the  motor  protein  dynein. 


channels  are  opened  not  by  ligands  but  by  the  application  of 
a small  electrical  charge  to  the  membrane  surrounding  the 
channel  (Figure  2.7B).  Other  channels  are  modified  by  sec- 
ond messengers  (Figure  2.7C),  but  discussion  of  these  will 
have  to  wait  until  Chapter  3.  Regardless  of  the  stimulus 
opening  the  channel,  it  opens  only  briefly  and  then  closes 
again,  limiting  the  total  amount  of  ion  flux. 

Glial  cells  provide  vital  support  for  neurons 

Glial  cells  have  a significant  role  in  neuron  function  because 
they  provide  physical  support  to  neurons,  maintain  the 
chemical  environment  of  neurons,  and  provide  immunolog- 
ical function.  The  four  principal  types  include  the  oligoden- 
droglia,  Schwann  cells,  astrocytes,  and  microglia.  Schwann 
cells  and  oligodendroglia,  described  earlier,  produce  the 
myelin  sheath  on  axons  of  the  peripheral  nervous  system 
(PNS)  nerves  and  central  nervous  system  (CNS)  nerves, 
respectively  (Figure  2.8A  and  B).  Schwann  cells  and  oligo- 
dendroglia differ  in  several  ways  in  addition  to  their  location 
in  the  nervous  system.  Schwann  cells  are  dedicated  to  a single 
neuron,  and  these  PNS  axons,  when  damaged,  are  prompted 


Figure  2.7  Ion  channels  (A)  When  a ligand  (neurotransmit- 
ter, hormone,  or  drug)  binds  to  a receptor  on  the  channel,  the 
ligand-gated  channel  protein  changes  shape  and  opens  the 
gate,  allowing  passage  of  a specific  ion.  (B)  A voltage-gated 
channel  is  opened  when  the  electrical  potential  across  the 
membrane  near  the  channel  is  altered.  (C)  Modification  of  a 
channel  by  a second  messenger  which  produces  intracellular 
phosphorylation  (addition  of  a phosphate  group)  and  regulates 
the  state  of  the  channel.  (After  Siegelbaum  and  Koester,  1991.) 
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to  regenerate  axons  because  of  Schwann  cell  response.  First, 
the  Schwann  cells  release  growth  factors,  and  second,  they 
provide  a pathway  for  the  regrowth  of  the  axon  toward  the 
target  tissue.  Oligodendroglia,  in  contrast,  send  out  multiple 
paddle-shaped  “arms,”  which  wrap  many  different  axons  to 
produce  segments  of  the  myelin  sheath.  In  addition,  they  do 
not  provide  nerve  growth  factors  when  an  axon  is  damaged, 
nor  do  they  provide  a path  for  growth. 

Two  other  significant  types  of  glial  cells  are  the  astrocytes 
and  microglia.  Astrocytes  are  large,  star-shaped  cells  having 
numerous  extensions.  They  intertwine  with  neurons  and 
provide  structural  support;  in  addition,  they  help  to  main- 
tain the  ionic  environment  around  neurons  and  modulate 
the  chemical  environment  as  well  by  taking  up  excess  neuro- 
chemicals  that  might  otherwise  damage  cells.  Because  astro- 
cytes have  a close  relationship  with  both  blood  vessels  and 
neurons,  it  is  likely  that  they  may  aid  the  movement  of  nec- 
essary materials  from  the  blood  to  nerve  cells.  Microglia  are 
far  smaller  than  astrocytes  and  act  as  scavengers  that  collect 
at  sites  of  neuron  damage  to  remove  the  dying  cells.  In  addi- 
tion to  this  phagocytosis,  microglia  are  the  primary  source 
of  immune  response  in  the  CNS  and  are  responsible  for  the 
inflammation  reaction  that  occurs  following  brain  damage. 
Table  2.1  summarizes  the  functions  of  glial  cells. 


(A) 


Schwann  cell 


Figure  2.8  Glial  cells  forming  myelin  (A)  Schwann  cells  in 
the  PNS  dedicate  themselves  to  a single  axon  and  wrap  many 
times  to  form  the  myelin  for  one  segment.  (B)  Each  oligoden- 
droglia in  the  CNS  sends  out  multiple  sheetlike  arms  that  wrap 
around  segments  of  multiple  nearby  axons  to  form  the  myelin 
sheath. 


TABLE  2.1  Functions  of  Glial  Cells 


Cell 

Function 

Astrocytes 

Provide  structural  support 
Maintain  ionic  and  chemical  environment 
Store  nutrients  to  provide  energy  for  neurons 
Perform  phagocytosis 

Microglia 

Perform  phagocytosis 
Provide  immune  system  function 

Schwann  cells 

Form  myelin  sheath  on  a single  axon 
in  the  PNS 

Release  growth  factors  following 
neuron  damage 

Provide  a channel  to  guide  axons  to  targets 

Oligodendroglia 

Form  myelin  sheath  on  multiple  axons  in 
the  CNS 

Inhibit  regrowth  of  axons  following  neuron 
damage 

Section  Summary 

The  nerve  cells  in  the  nervous  system,  called  neurons,  are 
surrounded  by  a cell  membrane  and  filled  with  cytoplasm 
and  the  organelles  needed  for  optimal  functioning.  Among 
the  most  important  organelles  are  the  mitochondria,  which 
provide  the  energy  for  the  metabolic  work  of  the  cell.  The 
principal  external  features  of  a neuron  reflect  the  special 
function  of  transmitting  electrochemical  messages  over  long 
distances.  These  cells  have  a soma,  treelike  dendrites,  and  a 
single  axon  extending  from  the  soma  that  carries  the  electri- 
cal signal  all  the  way  to  the  axon  terminals.  The  enlarged 
endings  of  the  terminals  contain  vesicles  filled  with  neuro- 
transmitter molecules  that  are  released  into  the  synapse 
between  the  cells  when  the  action  potential  arrives. 

The  dendrites  of  a neuron  are  covered  with  minute  spines 
that  increase  the  receiving  surface  area  of  the  cell.  Thousands 
of  receptors  that  respond  to  neurotransmitters  released  by 
other  neurons  are  found  on  the  dendrites,  dendritic  spines, 
and  soma  of  the  cell.  The  axon  hillock,  which  is  located  at  the 
juncture  of  soma  and  axon,  is  responsible  for  summation  (or 
integration)  of  the  multiple  signals  to  generate  an  action 
potential.  Conduction  of  the  action  potential  along  the  axon 
is  enhanced  by  the  insulating  property  of  the  myelin  created 
by  nearby  glial  cells. 

The  nucleus  of  the  cell  is  located  in  the  soma,  and  protein 
synthesis  occurs  there.  The  transcription  of  the  genetic  code  for 
a specific  protein  by  mRNA  occurs  within  the  nucleus,  and  the 
translation  of  the  “recipe,”  carried  by  the  mRNA,  occurs  on  the 
ribosomes  in  the  cytoplasm.  The  ribosomes  are  ultimately 
responsible  for  linking  the  appropriate  amino  acids  together  to 
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create  the  protein.  Which  genes  are  activated  depends  on  vari- 
ous transcription  factors  that  are  activated  by  changes  in  synap- 
tic activity. 

The  newly  manufactured  proteins  are  moved  by  axoplas- 
mic transport  within  the  cell  to  where  they  are  needed.  Packets 
of  protein  are  moved  by  motor  proteins  that  slide  along  the 
neuron  s microtubules  (part  of  the  cytoskeleton)  to  the  termi- 
nals (anterograde  transport).  In  a similar  manner,  protein 
waste  and  cell  debris  is  transported  from  the  terminals  back  to 
the  soma  (retrograde  transport)  for  recycling. 

The  cell  membrane  is  a phospholipid  bilayer  that  prevents 
most  materials  from  passing  through,  unless  the  material  is 
lipid  soluble.  Special  transporters  into  the  cell  carry  other 
essential  materials,  such  as  glucose,  amino  acids,  and  neuro- 
transmitters. Ion  channels  also  penetrate  the  membrane  and 
selectively  allow  ions  such  as  Na+,  K+,  Cl-,  and  Ca2+  to  move 
across  the  membrane.  In  addition  to  transporters  and  ion 
channels,  proteins  associated  with  the  membrane  include 
receptors  and  enzymes. 

The  second  type  of  cell  in  the  nervous  system  is  the  glial  cell. 
The  four  types  described  in  this  section  are  the  Schwann  cells 
and  oligodendroglia,  which  are  responsible  for  producing  the 
myelin  sheath  on  peripheral  and  central  nervous  system  neu- 
rons, respectively,  and  the  astrocytes  and  microglia.  Astrocytes 
regulate  the  extracellular  environment  of  the  neurons  and  pro- 
vide physical  support  and  nutritional  assistance.  Microglia  act- 
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ing  as  phagocytes  remove  cellular  debris  and  provide  immune 
function. 


Electrical  Transmission  within  a Neuron 

The  transmission  of  information  within  a single  neuron  is  an 
electrical  process  and  depends  on  the  semipermeable  nature  of 
the  cell  membrane.  When  the  normal  resting  electrical  charge 
of  a neuron  is  disturbed  sufficiently  by  incoming  signals  from 
other  cells,  a threshold  is  reached  that  initiates  the  electrical  sig- 
nal (action  potential)  that  conveys  the  message  along  the  entire 
length  of  the  axon  to  the  axon  terminals.  This  section  of  the 
chapter  looks  at  each  of  the  stages:  resting  membrane  poten- 
tial, local  potentials,  threshold,  and  action  potential. 


Ion  distribution  is  responsible 
for  the  cell's  resting  potential 

All  neurons  have  a difference  in  electrical  charge  inside  the 
cell  compared  to  outside  the  cell,  called  the  resting  mem- 
brane potential.  It  can  be  measured  by  placing  an  electrode 
on  the  exterior  of  the  cell  in  the  extracellular  fluid  and  a sec- 
ond, much  finer  microelectrode  into  the  intracellular  fluid 
inside  the  cell  (Figure  2.9A  and  B).  The  inside  of  the  neuron 
is  more  negative  than  the  outside,  and  a voltmeter  would  tell 
us  that  the  difference  is  approximately  -70 
millivolts  (mV),  making  the  neuron  polar- 
ized in  its  resting  state. 

The  selective  permeability  of  the  mem- 
brane and  uneven  distribution  of  ions  inside 
and  outside  the  cell  is  responsible  for  the 
membrane  potential.  This  means  that  when 
the  cell  is  at  rest,  there  are  more  negatively 
charged  particles  (ions)  inside  the  cell  and 
more  positively  charged  ions  outside  the  cell. 
Figure  2.10  shows  the  relative  concentration 
of  different  ions  on  either  side  of  the  mem- 
, , brane.  Inside  we  find  many  large,  negatively 

Time  charged  molecules,  such  as  proteins  and 

amino  acids,  that*  cannot  leave  the  cell. 
Potassium  is  also  in  much  higher  concentra- 
tion (perhaps  20  times  higher)  inside  than 
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Figure  2.9  Membrane  potential 
recording  from  a squid  axon  (A)  When 
both  electrodes  are  applied  to  the  outside  of 
the  membrane,  no  difference  in  potential  is 
recorded.  (B)  When  the  microelectrode  is 
inserted  into  the  axoplasm,  a voltage  differ- 
ence between  inside  and  outside  is  recorded. 
The  graphs  show  the  voltage  change  when 
one  electrode  penetrates  the  cell. 
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Figure  2.10  Distribution  of  ions 
inside  and  outside  a neuron  at 
resting  potential  Na+and  Cl"  are 
more  concentrated  outside  the  cell 
and  cannot  move  in  freely  through 
their  gated  channels.  Some  K+  chan- 
nels are  not  gated,  allowing  the  con- 
centration of  the  ion  to  force  it  out- 
ward while  electrostatically  it  is  pulled 
in.  At  -70  mV,  equilibrium  between 
the  two  forces  is  reached. The  Na+-K+ 
pump  helps  to  maintain  the  ion  distri- 
bution. It  requires  significant  energy 
(ATP)  to  move  ions  against  their  con- 
centration gradients. 


out.  In  contrast,  Na+  and  Cl-  are  in  greater  concentration 
outside  the  cell  than  inside. 

Several  forces  are  responsible  for  this  ion  distribution  and 
membrane  potential.  The  concentration  gradient  and  elec- 
trostatic pressure  for  the  K+  ion  is  particularly  important, 
because  K+  moves  more  freely  through  the  membrane  than 
other  ions  since  some  of  its  channels  are  not  gated  at  the  rest- 
ing potential.  Recall  that  ions  move  through  relatively  spe- 
cific channels  and  that  most  are  gated,  meaning  that  they  are 
normally  held  closed  until  opened  by  a stimulus.  Since  the 
inside  of  the  cell  normally  has  numerous  large,  negatively 
charged  materials  that  do  not  move  through  the  membrane, 
the  positively  charged  K+  ion  is  pulled  into  the  cell  because  it 
is  attracted  to  the  internal  negative  charge  (electrostatic 
pressure)  (see  Figure  2.10).  However,  as  the  concentration 
of  K+  inside  rises,  K+  responds  to  the  concentration  gradient 
by  moving  out  of  the  cell.  The  concentration  gradient  is  a 
force  to  equalize  the  amount  or  concentration  of  material 
across  a biological  barrier.  When  the  two  forces  on  K+ 
(inward  electrostatic  force  and  outward  concentration  gra- 
dient) are  balanced  (called  the  equilibrium  potential  for 
potassium),  the  membrane  potential  is  still  more  negative 
inside  (-70  mV).  In  addition,  because  small  amounts  of  Na+ 
leak  into  the  cell,  an  energy-dependent  pump  (the  Na+-K+ 
pump)  contributes  to  the  resting  potential  by  exchanging 
Na+  for  K+  across  the  membrane.  For  every  three  ions  of  Na+ 
pumped  out,  two  K+  ions  are  pumped  in,  keeping  the  inside 
of  the  cell  negative. 


In  summary,  all  cells  are  polarized  at  rest,  having  a differ- 
ence in  charge  across  their  membranes.  The  potential  is  due  to 
the  uneven  distribution  of  ions  across  the  membrane  that 
occurs  because  ions  move  through  relatively  specific  channels 
that  are  normally  not  open.  K+  has  greater  ability  to  move 
freely  through  ungated  channels.  Although  all  cells  are  polar- 
ized, what  makes  neurons  different  is  that  rapid  changes  in  the 
membrane  potential  provide  the  means  for  neurons  to  conduct 
information,  which  in  turn  influences  hundreds  of  other  cells 
in  the  nervous  system.  This  rapid  change  in  membrane  poten- 
tial that  is  propagated  down  the  length  of  the  axon  is  called  the 
action  potential.  In  order  for  a cell  to  generate  an  action  poten- 
tial, the  membrane  potential  must  be  changed  from  resting 
(-70  mV)  to  the  threshold  for  firing  (-50  mV).  At  -50  mV, 
voltage-gated  Na+  channels  open,  generating  a rapid  change  in 
membrane  potential.  Before  we  look  closely  at  the  action 
potential,  let  s see  what  happens  to  a neuron  to  cause  the  mem- 
brane potential  to  change  from  resting  to  threshold. 

Local  potentials  are  small,  transient 
changes  in  membrane  potential 

While  the  membrane  potential  at  rest  is  -70  mV,  various 
types  of  stimuli  that  disturb  the  membrane  can  open  ion 
channels  momentarily,  causing  small,  local  changes  in  ion 
distribution  and  hence  electrical  potential  differences  called 
local  potentials.  To  visualize  the  small  changes  in  membrane 
potential,  we  attach  our  electrodes  to  an  amplifier  and  to  a 
computer  that  measures  and  records  the  changing  voltage 
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over  time  (Figure  2.11A  and  B).  For  instance,  applying  a 
small,  positive  electrical  current  or  momentarily  opening 
gated  Na+  channels  allows  a relatively  small  number  of  Na+ 
ions  to  enter  the  cell.  The  ions  enter  because  Na+  is  more 
concentrated  outside  than  inside,  so  the  concentration  gra- 
dient drives  the  ions  in.  The  oscilloscope  shows  that  the  pos- 
itively charged  ions  make  the  inside  of  the  cell  slightly  more 
positive  in  a small,  localized  area  of  the  membrane,  bringing 
the  membrane  potential  a tiny  bit  closer  to  the  threshold  for 
firing.  This  change  is  called  a local  depolarization  and  is 
excitatory.  Other  stimuli  may  open  Cl-  channels,  which  allow 
Cl-  into  the  cell  because  the  ions  concentration  is  greater  on 
the  outside  of  the  cell.  The  local  increase  in  the  negatively 
charged  ion  makes  the  cell  slightly  more  negative  inside  and 
brings  the  resting  potential  farther  away  from  threshold.  This 
hyperpolarization  of  the  membrane  is  inhibitory.  Finally,  if 
gated  K+  channels  are  opened  by  a stimulus,  K+  is  driven  out- 
ward locally  based  on  its  concentration  gradient.  Because 
positively  charged  ions  leave  the  cell,  it  becomes  just  slightly 


more  negative  inside,  making  the  membrane  potential  far- 
ther from  threshold  and  causing  a local  hyperpolarization. 
These  local  potentials  are  of  significance  to  psychopharma- 
cology because  when  drugs  or  neurotransmitters  bind  to 
particular  receptors  in  the  nervous  system,  they  may 
momentarily  open  specific  ion  channels  (see  Figure  2.7), 
causing  an  excitatory  or  inhibitory  effect.  Since  neurotrans- 
mitters act  on  the  postsynaptic  membrane,  the  effects  are 
called  excitatory  postsynaptic  potentials  (EPSPs)  or 
inhibitory  postsynaptic  potentials  (IPSPs). 

These  local  potentials  (hyperpolarizations  and  depolar- 
izations), generated  on  the  dendrites  and  cell  body,  have  sev- 
eral significant  characteristics.  First,  they  are  graded,  mean- 
ing that  the  larger  the  stimulus,  the  greater  the  magnitude  of 
the  hyper-  or  depolarization.  As  soon  as  the  stimulus  stops, 
the  ion  channels  close  and  the  membrane  potential  returns 
to  resting  levels.  These  local  potentials  also  decay  rapidly  as 
they  passively  travel  along  the  cell  membrane.  Finally,  local 
potentials  show  summation,  sometimes  called  integration, 
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Figure  2.1 1 Local  potentials  and 
action  potentials  (A)  Experimental 
method  of  stimulating  and  recording 
membrane  potentials.  (B)  The  magni- 
tude of  negative  and  positive  stimuli 
that  are  applied  is  shown  in  the  upper 
panel,  while  the  corresponding  electrical 
recoding  is  shown  in  the  lower  panel. 


Hyperpolarization: 

• More  negative  inside  the  cell 

• Membrane  potential  is  farther 
from  threshold 

• IPSP  caused  by: 

Cl-  channel  opening  and  Cl~ 
entry 
or 

K+  channel  opening  and  K+  exit 

• Greater  stimulation  produces 
larger  hyperpolarizations 


Larger  depolarizing  stimulus  reaches 
threshold  (-50  mV)  opening  voltage 
gated  Na+  channels  causing  massive 
depolarization  (the  action  potential) 


Depolarization: 

• More  positive  inside  the  cell 

• Membrane  potential  moves 
toward  threshold 

• EPSP  caused  by: 

Na+  channel  opening  and 
Na+  entry 

• Greater  stimulation  produces 
larger  depolarizations 
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meaning  that  several  small  depolarizations  can  add  up  to 
larger  changes  in  membrane  potential,  as  several  hyperpo- 
larizations can  produce  larger  inhibitory  changes.  When 
hyperpolarizations  and  depolarizations  occur  at  the  same 
time,  they  cancel  each  other  out.  The  receptor  areas  of  a neu- 
ron involved  in  local  potential  generation  receive  informa- 
tion from  thousands  of  synaptic  connections  from  other 
neurons  that  at  any  given  instant  produce  IPSPs  or  EPSPs  (as 
well  as  other  biochemical  changes  to  be  described  in  Chapter 
3).  The  integration  of  EPSPs  and  IPSPs  occurs  in  the  axon 
hillock  (Figure  2.12)  and  is  responsible  for  the  generation  of 
the  action  potential  if  the  threshold  for  activation  is  reached. 

Sufficient  depolarization  at  the  axon  hillock 
opens  voltage-gated  Na+  channels , producing 
an  action  potential 

The  summation  of  local  potentials  at  the  axon  hillock  is 
responsible  for  the  generation  of  the  action  potential.  The 
-50mV  membrane  potential  (threshold)  is  responsible  for 
opening  large  numbers  of  Na+  channels  that  are  voltage 
gated;  that  is,  the  change  in  voltage  across  the  membrane  near 
these  channels  is  responsible  for  opening  them  (Figure  2.13). 
Since  Na+  is  much  more  concentrated  outside  the  cell,  its  con- 
centration gradient  moves  it  inward;  in  addition,  since  the  cell 
at  threshold  is  still  negative  inside,  Na+  is  also  driven  in  by  the 


electrostatic  gradient.  These  two  forces  move  large  numbers 
of  Na+  ions  into  the  cell  very  quickly,  causing  the  rapid 
change  in  membrane  potential  from  -50  mV  to  +40  mV 
(called  the  rising  phase  of  the  action  potential)  before  the  Na+ 
channels  close  and  remain  closed  for  a fixed  period  of  time 
while  they  reset.  The  time  during  which  the  Na+  channels  are 
closed  and  cannot  be  opened,  regardless  of  the  amount  of 
excitation,  prevents  the  occurrence  of  another  action  poten- 
tial and  is  called  the  absolute  refractory  period.  The  closing 
of  Na+  channels  explains  why  the  maximum  number  of 
action  potentials  that  can  occur  is  about  1200  impulses  per 
second.  The  action  potential  is  a rapid  change  in  membrane 
potential  lasting  only  about  1 millisecond.  When  the  mem- 
brane potential  approaches  resting  levels,  the  Na+  channels 
are  reset  and  ready  to  open. 

Meanwhile,  during  the  rising  phase,  the  changing  mem- 
brane potential  due  to  Na+  entry  causes  voltage-gated  K+ 
channels  to  open,  and  K+  moves  out  of  the  cell.  K+  channels 
remain  open  after  Na+  channels  have  closed,  causing  the 
membrane  potential  to  return  to  resting  levels.  The  mem- 
brane potential  actually  overshoots  the  resting  potential,  so 
the  membrane  remains  hyperpolarized  for  a short  amount  of 
time  until  the  excess  K+  diffuses  away  or  is  exchanged  for  Na+ 
by  the  Na+-K+  pump.  Because  the  membrane  is  more  polar- 
ized than  normal,  it  is  more  difficult  to  generate  an  action 
potential.  The  brief  hyperpolarizing  phase  is  call  the  relative 


Excitatory  neuro transmitters 
bind  to  receptors  opening 
ligand-gated  Na+  channels 
producing  EPSPs  in  post- 
synaptic  neuron. 


Inhibitory  neurotransmitters 
bind  to  receptors  opening 
ligand-gated  K+  or  Cl"  channels 
producing  IPSPs  in  postsynaptic 
neuron. 


Axon  hillock  reaches 
threshold  of  activation 
triggering  an  action 
potential. 


IPSPs  counteract  EPSPs; 
threshold  of  activation  is 
not  reached  so  no  action 
potential  is  generated. 


Figure  2.1 2 Summation  of  local  potentials  Many  inhib- 
itory and  excitatory  synapses  influence  each  neuron,  causing 
local  electrical  potentials  (IPSPs  and  EPSPs)  as  well  as  biochemi- 
cal changes.  At  each  instant  in  time  the  electrical  potentials 


summate  and  may  reach  the  threshold  for  firing.The  integration 
of  the  electrical  events  occurs  at  the  axon  hillock  where  the 
action  potential  is  first  generated. The  action  potential  is  then 
conducted  along  the  axon  to  the  axon  terminals. 
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Integration  of  local 

potentials  produces 

sufficient  depolarization 
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of  the  axon  hillock  to 

open  the  voltage-gated 

Na+  channels.  k\ 

Absolute  refractory  period  occurs 
while  Na+  channels  cannot  be 
opened. 


Na+  channels  are 
closed  but  ready 
to  open. 

Relative  refractory 
period  requires  more 
excitation  (EPSPs)  to 
| reach  threshold. 
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Open  K+ 
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I Ungated  K+ 
channels  create 
the  resting 
potential. 


At  threshold, 
voltage-gated  Na+ 
channels  open,  causing 
a rapid  change  of 
polarity — the  action 
potential. 
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Figure  2.1 3 Stages  of  the  action  potential  The  opening  and  closing  of  Na+ 
and  K+  channels  is  responsible  for  the  characteristic  shape  of  the  action  potential. 


refractory  period  because  it  takes  more  excitation  to  first 
reach  resting  potential  and  further  depolarization  to  reach 
threshold.  The  relative  refractory  period  explains  why  the 
intensity  of  stimulation  determines  rate  of  firing.  Low  levels 
of  excitation  cannot  overcome  the  relative  refractory  period, 
but  with  an  increasing  amount  of  excitation,  the  neuron  will 
fire  again  as  soon  as  the  absolute  refractory  period  has  ended. 

If  the  threshold  is  reached,  an  action  potential  occurs 
(first  at  the  hillock).  Its  size  is  unrelated  to  the  amount  of 
stimulation;  hence  it  is  considered  all-or-none.  Reaching  the 
threshold  will  generate  the  action  potential,  but  more  exci- 
tatory events  (EPSPs)  will  not  make  it  larger;  fewer  excitato- 
ry events  will  not  generate  an  action  potential  at  all.  The 
action  potential  moves  along  the  axon  because  the  positively 
charged  Na+  ions  spread  passively  to  nearby  regions  of  the 
axon,  which  by  changing  the  membrane  potential  to  thresh- 
old causes  the  opening  of  other  voltage-gated  Na+  channels 
(Figure  2.14).  The  regeneration  process  of  the  axon  poten- 


tial continues  sequentially  along  the  entire  axon  and  does  not 
decrease  in  size;  hence  it  is  called  nondecremental  (i.e.,  it 
does  not  decay).  In  myelinated  axons  the  speed  of  conduc- 
tion is  as  much  as  15  times  quicker  than  in  nonmyelinated 
axons  because  the  regeneration  of  the  action  potential  occurs 
only  at  the  nodes  of  Ranvier.  This  characteristic  makes  the 
conduction  seem  to  jump  along  the  axon,  so  it  is  called  salta- 
tory conduction.  In  addition,  myelinated  axons  use  less 
energy  because  the  Na+-K+  pump,  which  uses  large  amounts 
of  ATP,  only  has  to  work  at  the  nodes  rather  than  all  along 
the  axon.  Now  that  we  understand  normal  neuron  firing,  it  is 
time  to  look  at  Box  2.1,  which  describes  the  abnormal  firing 
during  epileptic  seizures. 

Drugs  and  poisons  alter  axon  conduction 

As  we  will  learn,  most  drugs  act  at  synapses  to  modify  chem- 
ical transmission.  However,  a few  alter  action  potential  con- 
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Figure  2.14  Conduction  along  myelinated  axons  The  generation  of  the 
action  potential  at  one  node  spreads  depolarization  along  the  axon,  which  in  turn 
changes  the  membrane  potential  to  threshold  and  opens  voltage-gated  Na+  chan- 
nels at  the  next  node  of  Ranvier. 


ductance  along  the  axon.  Drugs  that  act  as  local  anesthetics, 
such  as  procaine  (Novocaine),  lidocaine  (Xylocaine),  and 
benzocaine  (Anesthesin),  all  impair  axonal  conduction  by 
blocking  voltage-gated  Na+  channels.  It  should  be  apparent 
that  if  voltage-gated  Na+  channels  cannot  open,  then  an 
action  potential  cannot  occur  and  transmission  of  the  pain 
signal  cannot  reach  the  brain.  Hence  the  individual  is  not 
aware  of  the  damaging  stimulus.  Local  anesthetics  are  inject- 
ed into  specific  sites  between  the  tissue  damage  and  the  CNS 
to  prevent  conduction,  but  saxitoxin  is  a poison  that  blocks 
voltage-gated  Na+  channels  throughout  the  nervous  system 
because  it  is  ingested.  (Saxotoxin  is  found  in  shellfish  exposed 
to  the  “red  tide”  [caused  by  the  organism  Gonyaulax]).  Oral 
ingestion  circulates  the  toxin  throughout  the  body  and  caus- 
es conduction  failure  and  subsequent  death  due  to  suffoca- 
tion. 


Section  Summary 

All  cells  are  polarized  at  rest,  meaning  that  they  have  a dif- 
ference in  the  electrical  charge  across  the  cell  membrane.  For 
neurons,  the  difference  is  usually  about  -70  mV,  with  the 


inside  being  more  negative  than  the  outside.  The  action 
potential  is  an  electrical  event  that  is  generated  at  the  axon 
hillock  and  conducted  down  the  full  length  of  the  axon  to 
the  terminals.  The  action  potential  can  occur  only  if  small, 
local  electrical  potentials,  occurring  on  the  soma  and  den- 
drites of  the  cell,  summate  and  change  the  resting  potential 
(-70  mV)  to  the  threshold  for  firing  (-50  mV). 

The  resting  membrane  potential  exists  because  the  semi- 
permeable  membrane  causes  ions  to  be  unevenly  distributed 
on  each  side  of  the  membrane.  In  particular,  because  large, 
negatively  charged  molecules  are  trapped  inside  the  cell,  K+ 
ions  are  forced  into  the  neuron  through  nongated  channels 
by  electrostatic  pressure.  As  the  internal  concentration  of  K+ 
ions  increases,  the  concentration  gradient  for  K+  pushes  the 
ions  out  of  the  cell.  At  the  point  when  the  inward  pressure 
and  outward  pressure  are  balanced  (equilibrium  potential), 
the  cell  is  still  negative  inside,  with  a -70-mV  difference. 
Because  there  is  some  leakage  of  Na+  into  the  cell,  the 
Na+-K+  pump  also  helps  to  maintain  the  negative  mem- 
brane potential  by  exchanging  three  Na+  ions  (moved  out  of 
the  cell)  for  two  K+  ions  (taken  in). 

Local  potentials  are  small,  short-lived  changes  in  mem- 
brane potential  following  the  opening  of  ligand-gated  chan- 
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BOX  2.1 


Clinical  Applications 


Epilepsy 


Epilepsy  is  a common  neurological 
disorder  that  consists  of  recurrent  dis- 
turbances of  electrical  activity  in  the 
brain  involving  large  ensembles  of 
neurons. These  cells  fire  synchronous- 
ly (at  the  same  time),  producing  dis- 
tinct electroencephalograms  (EEGs) 
that  vary  with  the  type  of  seizure.The 
EEG  reflects  the  summation  of  electri- 
cal activity  of  tens  of  thousands  of 
neurons  in  the  cerebral  cortex 
beneath  the  electrodes  pasted  to  the 
outside  of  the  skull.  EEG  recordings 
show  that  in  healthy  individuals,  neu- 
rons fire  at  different  times,  so  the 
wave  looks  rapid  and  choppy  and  low 
in  amplitude  (Figure  A).  During  a 
seizure,  clusters  of  neurons  fire  at  the 
same  time,  so  the  record  appears  with 
slow  and  rhythmic  frequency  but 
high  amplitude.  Although  there  are 
many  events  that  can  initiate  a 
seizure,  once  the  abnormal  bursts  of 
action  potentials  begin  it  spreads 


^ ^/Normal 

Amplitude  Epileptic  seizure 


^Frequency 

from  the  origin  (called  the  focus)  to 
surrounding  neurons  and  via  synaptic 
pathways  that  are  connected  to  the 
original  site. Generalized  seizures 
appear  to  start  in  multiple  brain  areas 
all  at  once  and  involve  large  areas  of 
the  cerebral  cortex. The  physical  signs 
of  the  seizure  depend  upon  which 
brain  areas  are  involved  in  the  uncon- 
trolled electrical  activity.  Although 
none  of  the  individual  neurons  are 
abnormal,  the  regulation  of  their  fir- 
ing is  atypical. 

An  additional  characteristic  of 
seizures  is  that  they  spontaneously 
end  in  15  seconds  to  5 minutes 
because  neurons  become  depleted  of 
ATP.  Vast  amounts  of  energy  are 
required  to  maintain  the  high  rate  of 


firing,  because  the  Na+-K+  pump  uti- 
lizes ATP  to  restore  the  balance  of  ions 
that  is  needed  to  generate  further 
action  potentials.  However,  some 
abnormalities  in  the  EEG  are  still 
apparent  between  seizures,  and  the 
subtle  differences  are  useful  in  diag- 
nosing the  particular  type  of  seizure. 

While  the  precipitating  factor  for 
the  onset  of  epilepsy  is  not  known  in 
some  cases  and  is  apparently  devel- 
opmental, in  other  cases  the  origin  of 
the  recurrent  seizures  is  linked  to  a 
brain  injury  that  makes  neuronal  cir- 
cuits hyperexcitable,  leading  to  spon- 
taneous recurrent  seizures.The  types 
of  brain  injury  are  varied  and  include 
intrauterine  and  neonatal  damage, 
stroke,  damage  caused  by  environ- 


nels.  These  channels  are  found  largely  on  the  soma  and  den- 
drites and  are  opened  when  a neurotransmitter  or  drug 
binds  to  the  receptor  associated  with  the  channel.  Opening 
ligand-gated  Na+  channels  allows  a relatively  small  amount 
of  Na+  to  enter  the  cell,  making  it  slightly  more  positive  in 
the  local  area  near  the  channels.  When  the  cell  is  more  pos- 
itive inside,  the  cell  membrane  potential  is  closer  to  the 
threshold  for  firing,  so  it  is  called  an  excitatory  postsynaptic 
potential  (EPSP).  Other  ligands  may  open  Cl"  channels, 
allowing  Cl-  to  enter  on  its  concentration  gradient  and  mak- 
ing the  cell  more  negative.  Increased  negative  charge  inside 
the  cell  moves  the  membrane  potential  farther  from  the 
threshold;  hence  it  causes  inhibitory  postsynaptic  potentials 
(IPSPs).  The  third  type  of  channel  involved  in  creating  local 
potentials  is  the  ligand-gated  K+  channel.  When  it  is  opened, 
K+  exits  according  to  its  concentration  gradient,  leaving  the 
cell  more  negative  inside  and  farther  from  the  threshold 
(IPSP). 

The  summation  of  all  the  EPSPs  and  IPSPs  occurring  at 
any  single  moment  in  time  occurs  at  the  axon  hillock.  If  the 


threshold  (-50  mV)  is  reached,  the  great  number  of  voltage- 
gated Na+  channels  found  in  that  region  suddenly  open, 
allowing  large  amounts  of  Na+  to  enter  the  cell  to  produce 
the  massive  depolarization  known  as  the  action  potential. 
When  the  inside  of  the  cell  becomes  positive  (+40  mV),  volt- 
age-gated Na+  channels  close  and  cannot  be  opened  until 
they  reset  at  the  resting  potential.  During  the  time  when  the 
channels  are  closed,  called  the  absolute  refractory  period,  no 
action  potential  can  occur. 

In  addition,  as  the  cell  becomes  more  positive  inside,  volt- 
age-gated  K+  channels  open  and  K+  exits  from  the  cell,  bring- 
ing the  membrane  potential  back  toward  resting  levels.  The 
overshoot  typically  seen  is  a state  in  which  the  cell  is  more 
polarized  than  normal,  so  it  is  more  difficult  to  reach  the 
threshold  to  generate  another  action  potential. 

Once  the  action  potential  is  generated  at  the  axon  hillock 
in  an  all-or-none  fashion,  it  moves  down  the  length  of  the 
axon  by  sequential  opening  of  voltage-gated  Na+  channels. 
In  myelinated  axons,  the  regeneration  of  the  action  potential 
occurs  only  at  the  nodes  of  Ranvier,  producing  a rapid,  salta- 
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BOX  2.1  (continued) 


Normal 


mental  toxins  or  drug  use,  brain  trau- 
ma such  as  occurs  during  an  auto 
accident,  and  so  forth. 

Although  diagnosis  depends  on 
evaluating  the  EEG  records,  intracellu- 
lar recording  with  microelectrodes  is 
needed  to  examine  the  cell  function 
of  individual  neurons  within  the 
seizure  focus.The  normal  action 
potential  of  a neuron  (Figure  B) 
involves  the  gradual  change  in  mem- 
brane potential  to  the  threshold,  rapid 


Seizure  focus 


depolarization  (the  spike)  caused  by 
the  opening  of  voltage-gated  Na+ 
channels,  rapid  repolarization  (a 
return  toward  resting  potential  during 
the  absolute  refractory  period),  and 
characteristic  hyperpolarization.  Neu- 
rons within  the  seizure  focus  appear 
to  differ  in  several  respects.  First,  the 
depolarization  is  higher  voltage  and 
continues  for  a longer  period  of  time, 
during  which  mini-spikes  are  evident. 
The  occurrence  of  the  mini-spikes  is 


the  likely  explanation  for  the  recruit- 
ment of  adjacent  neurons  during  the 
seizure.  Second,  the  hyperpolarization 
(relative  refractory  period)  that  occurs 
is  both  greater  in  magnitude  and  also 
extends  for  a longer  period  of  time. 

Among  the  pharmacological  treat- 
ments for  seizures  is  the  drug  pheny- 
toin  (Dilantin).  Phenytoin,  which  rep- 
resents one  strategy  for  seizure 
control,  acts  by  changing  the  normal 
cycling  of  the  voltage-gated  Na+ 
channels  that  are  responsible  for  the 
massive  depolarization  (spike)  of  the 
action  potential.  Phenytoin  binds  to 
the  channel  during  the  absolute 
refractory  period,  when  it  is  closed 
and  cannot  be  opened,  holding  it  in 
that  state.  By  preventing  the  mini- 
spikes, the  drug  prevents  the  spread 
of  electrical  activity  to  adjacent  cells. 

A second  strategy  is  to  enhance 
neurochemical  inhibition.  Increasing 
inhibition  may  keep  cells  in  the  focus 
from  reaching  the  threshold  for  firing 
or  prevent  the  recruitment  of  associ- 
ated neurons.  Drugs  that  increase  the 
inhibitory  effects  of  the  neurotrans- 
mitter GABA  (a-aminobutyric  acid) 
are  discussed  in  Chapter  1 7. 


tory  conduction  that  is  also  more  energy  efficient  because  the 
Na+-K+  pump  needs  to  exchange  ions  only  at  the  nodes. 
Regardless  of  the  extent  of  myelination,  all  action  potentials 
are  nondecremental.  The  characteristics  of  local  and  action 
potentials  are  summarized  in  Table  2.2. 

Organization  of  the  Nervous  System 

Thus  far  we  have  described  the  structure  of  individual  neu- 
rons and  their  ability  to  conduct  electri- 
cal signals.  Clearly,  neurons  never  func- 
tion individually  but  form  interacting 
circuits  referred  to  as  neural  networks. 

Such  complexity  allows  us  to  make  coor- 
dinated responses  to  changes  in  the  envi- 
ronment. For  example,  as  we  perceive  a 
potential  danger,  we  suddenly  become 
vigilant  and  more  acutely  aware  of  our 
surroundings.  Meanwhile,  internal  organs 


prepare  us  for  action  by  elevating  heart  rate,  blood  pressure, 
available  energy  sources,  and  so  forth.  Most  of  us  will  also 
calculate  the  probable  outcome  of  either  fighting  or  running 
before  taking  a defensive  or  aggressive  stance.  Even  simple 
responses  require  a complex  coordination  of  multiple  nuclei 
in  the  brain  and  spinal  cord.  The  following  section  describes 
the  organization  of  neurons  into  brain  regions  that  serve 
specific  functions.  This  section  provides  only  the  highlights 
of  functional  neuroanatomy  and  emphasizes  those  brain 
structures  that  receive  more  attention  in  subsequent  chap- 


TABLE  2.2  Characteristics  of  Local  Potentials  and  Action  Potentials 


Local  potentials 

Action  potentials 

Graded 

All-or-none 

Decremental 

Nondecremental 

Spatial  and  temporal  summation 

Intensity  of  stimulus  coded  by  rate  of  firing 

Produced  by  opening  of 

Produced  by  opening  of  voltage-gated  channels 

ligand-gated  channels 

48  Chapter  2 


ters.  Box  2.2  provides  a quick  review  of  the  terms  used  to 
describe  the  location  of  structures  in  the  nervous  system. 

The  nervous  system  comprises  the  central  and 
peripheral  divisions 

The  nervous  system  includes  the  central  nervous  system  or 
CNS  (the  brain  and  spinal  cord)  and  the  peripheral  nervous 
system  or  PNS(all  nerves  outside  the  CNS)  (Figure  2.15A). 
The  PNS  in  turn  can  be  further  divided  into  the  somatic  sys- 
tem, which  controls  voluntary  muscles  with  both  spinal 
nerves  and  cranial  nerves,  and  the  autonomic  nervous  sys- 
tem, consisting  of  autonomic  nerves  and  some  cranial  nerves 
that  control  the  function  of  organs  and  glands.  The  auto- 
nomic nervous  system  has  both  sympathetic  and  parasym- 
pathetic divisions,  which  help  the  organism  to  respond  to 
changing  energy  demands.  Figure  2.15B  provides  an  overall 
view  of  the  divisions  of  the  nervous  system.  We  begin  by 
looking  more  closely  at  the  peripheral  nervous  system. 


Somatic  nervous  system  Each  spinal  nerve  consists  of 
many  neurons,  some  of  which  carry  sensory  information 
and  others  motor  information;  hence  they  are  called  mixed 
nerves.  Within  each  mixed  nerve,  sensory  information  is 
carried  from  the  surface  of  the  body  and  from  muscles  into 
the  dorsal  horn  of  the  spinal  cord  by  neurons  that  have  their 
cell  bodies  in  the  dorsal  root  ganglia  (Figure  2.16).  These 
signals  going  into  the  spinal  cord  are  called  sensory  affer- 
ents.  Mixed  nerves  also  have  motor  neurons,  which  are  cells 
beginning  in  the  ventral  horn  of  the  spinal  cord  and  ending 
on  skeletal  muscles.  These  are  called  motor  efferents  and  are 
responsible  for  making  voluntary  movements. 

The  12  pairs  of  cranial  nerves  that  project  from  the  brain 
provide  similar  functions  as  the  spinal  nerves  except  that 
they  serve  primarily  the  head  and  neck;  hence  they  carry  sen- 
sory information  such  as  vision,  touch,  and  taste  into  the 
brain  and  control  muscle  movement  needed  for  things  like 
chewing  and  laughing.  They  differ  from  the  spinal  nerves  in 
that  they  are  not  all  mixed  nerves;  several  are  dedicated  to 
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Figure  2.15  The  central  and  peripheral  nervous  systems  (A)  The  b rain  and 
spinal  cord,  shown  in  yellow,  comprise  the  central  nervous  system. The  peripheral 
nervous  system,  shown  in  purple,  connects  all  parts  of  the  body  to  the  central  nervous 
system.  (B)  Organization  of  the  nervous  system:The  internal  and  external  environ- 
ments send  sensory  information  by  way  of  peripheral  nerves  to  the  CNS,  where  neural 
circuits  analyze  and  integrate  the  information  before  sending  signals  to  regulate  mus- 
cle and  internal  organ  function. 
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Axons  ascending 
to  medulla 


muscle  in  ventral  horn 


Figure  2.1 6 Spinal  nerves  of  the 
peripheral  nervous  system  Cross  sec- 
tion of  the  spinal  cord  showing  mixed  spinal 
nerves  with  sensory  afferents  entering  the 
dorsal  horn  and  motor  efferents  leaving  the 
ventral  horn  to  innervate  skeletal  muscles. 
Notice  that  the  soma  for  the  afferent  neuron 
is  in  the  dorsal  root  ganglion. 


BOX  2.2 


Finding  Your  Way  in 
the  Nervous  System 

In  order  to  discuss  anatomical  rela- 
tionships^ systematic  method  to 
describe  location  in  three  dimensions 
is  needed. The  directions  are  based  on 
the  neuraxis,  an  imaginary  line 
beginning  at  the  base  of  the  spinal 
cord  and  ending  at  the  front  of  the 
brain.  For  most  animals  the  neuraxis  is 
a straight  line;  however,  because 
humans  walk  upright,  the  neuraxis 


bends,  changing  the  relationship  of 
the  brain  to  the  spinal  cord  (Figure  A). 
For  this  reason,  both  the  top  of  the 
head  and  the  back  of  the  body  are 
called  dorsal,  while  ventral  refers  to 
the  underside  of  the  brain  and  the 
front  surface  of  the  body.To  avoid 
confusion,  sometimes  the  top  of  the 
human  brain  is  described  as  superior 
and  the  bottom,  inferior.  In  addition, 
the  head  end  of  the  nervous  system  is 
anterior  or  rostral  and  the  tail  end  is 
posterior  or  caudal.  Finally,  medial 
means  toward  the  center  or  midline 


of  the  body  and  lateral  means  toward 
the  side.  We  can  describe  the  location 
of  any  brain  area  using  these  three 
pairs  of  dimensional  descriptors. 

Much  of  our  knowledge  about  the 
structure  of  the  nervous  system 
comes  from  examining  two-dimen- 
sional slices  (Figure  B).The  orientation 
of  the  slice  (or  section)  is  typically  in 
any  one  of  three  different  planes: 

• Horizontal  sections  are  slices  paral- 
lel to  the  horizon. 

• Sagittal  sections  are  cut  on  the 
plane  that  bisects  the  nervous  sys- 
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BOX  2.2  (continued) 


tem  into  right  and  left  halves.The 
midsagittal  section  is  the  slice  that 
divides  the  brain  into  left  and  right 
symmetrical  pieces. 

• Coronal  (or  frontal)  sections  are  cut 
parallel  to  the  face. 

Identifying  specific  structures  in  these 
different  views  takes  a good  deal  of 


experience.  However,  computer- 
assisted  evaluation  allows  us  to  visual- 
ize the  brain  of  a living  human  in  far 
greater  detail  than  was  previously 
possible.  MRI  and  computerized 
tomography  not  only  provide 
detailed  anatomical  images  of  brain 
slices  but  also  reconstruct  three- 


dimensional images  of  the  brain 
using  mathematical  techniques.  PET 
and  fMRI  provide  a view  of  the  func- 
tioning brain  by  mapping  blood  flow 
or  glucose  utilization  in  various  dis- 
ease states, following  drug  adminis- 
tration, or  during  other  experimental 
manipulations. 


only  sensory  or  only  motor  function.  Figure  2.17  shows  the 
cranial  nerves  and  their  functions.  In  addition,  several  of  the 
cranial  nerves  innervate  glands  and  organs  rather  than  skele- 
tal muscles,  which  means  they  are  part  of  the  autonomic 
nervous  system  (see  the  next  section).  The  most  unique  cra- 
nial nerve  is  the  vagus  (nerve  X),  because  it  communicates 
with  numerous  organs  in  the  viscera,  including  the  heart, 
lungs,  and  gastrointestinal  tract.  The  vagus  consists  of  both 
sensory  and  motor  neurons. 


Autonomic  nervous  system  The  autonomic  nerves,  col- 
lectively called  the  autonomic  nervous  system  (ANS),  regu- 
late the  internal  environment  by  innervating  smooth  muscles 
such  as  the  intestine  and  urinary  bladder,  cardiac  muscle,  and 
glands,  including  the  adrenal  and  salivary  glands.  The  pur- 
pose of  the  ANS  is  to  control  digestive  processes,  blood  pres- 
sure, body  temperature,  and  other  functions  that  provide  or 
conserve  energy  appropriate  to  the  environmental  needs  of 
the  organism.  The  ANS  is  divided  into  two  components,  the 
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Figure  2.1 7 Crania!  nerves  This  ventral  surface  view  of  the 
brain  shows  the  1 2 cranial  nerves  (numbered  I through  XII)  and 
their  functions.  Some  nerves  consist  of  neurons  that  are  only  sen- 
sory (nerves  I,  II,  and  VIII),  some  are  solely  motor  in  function  (nerves 


III,  IV,  VI,  XI,  and  XII),  and  others  are  mixed,  having  both  sensory 
afferents  and  motor  efferents  (nerves  V,  VII,  IX, and  X).  In  addition, 
several  are  considered  part  of  the  autonomic  nervous  system 
since  they  serve  organs  and  glands  (nerves  III, VII,  IX,  and  X). 
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<4  Figure  2.1 8 Autonomic  nervous  system  (ANS)  The 

internal  organs,  smooth  muscles,  and  glands  served  by  the  ANS 
have  both  sympathetic  and  parasympathetic  regulation. The 
two  divisions  have  opposing  effects  on  the  organs;  the  sympa- 
thetic effects  prepare  the  individual  for  action,  while  the 
parasympathetic  effects  serve  to  generate  and  store  energy  and 
reduce  energy  expenditure.  Acetylcholine  is  the  neurotransmit- 
ter released  in  all  autonomic  ganglia  because  preganglionic 
fibers  are  cholinergic  neurons.  At  the  target  organs,  the 
parasympathetic  neurons  release  acetylcholine  once  again, 
while  sympathetic  neurons  release  norepinephrine  (noradren- 
ergic neurons). Their  anatomical  and  neurotransmitter  differ- 
ences are  described  in  the  text  and  summarized  in  Table  2.3. 


sympathetic  and  parasympathetic  divisions,  and  both  divi- 
sions serve  most  organs  of  the  body  (Figure  2.18).  Although 
their  functions  usually  work  in  opposition  to  one  another, 
control  of  our  internal  environment  is  not  an  all-or-none 
affair.  Instead,  activity  of  the  sympathetic  division  predomi- 
nates when  energy  expenditure  is  necessary,  such  as  during 
times  of  stress  or  excitement;  hence  its  nickname  is  the  “fight- 
or-flight”  system.  This  system  increases  heart  rate  and  blood 
pressure,  stimulates  secretion  of  adrenaline,  and  increases 
blood  flow  to  skeletal  muscles,  among  other  effects.  The 
parasympathetic  division  predominates  at  times  when  ener- 
gy reserves  can  be  conserved  and  stored  for  later  use;  hence 
this  system  increases  salivation,  digestion,  and  storage  of  glu- 
cose and  other  nutrients,  as  well  as  slowing  heart  rate  and 
decreasing  respiration. 

In  addition  to  contrasting  functions,  the  two  branches  of 
the  ANS  have  anatomical  differences,  including  points  of 
origin  in  the  CNS.  The  cell  bodies  of  the  efferent  sympa- 
thetic neurons  are  in  the  ventral  horn  of  the  spinal  cord  at 
the  thoracic  and  lumbar  regions  (see  Figure  2.18).  Their 
axons  project  for  a relatively  short  distance  before  they 
synapse  with  a cluster  of  cell  bodies  called  sympathetic  gan- 
glia. Some  of  these  ganglia  are  lined  up  very  close  to  the 
spinal  cord,  while  others  such  as  the  celiac  ganglion  are 
located  somewhat  farther  away.  These  preganglionic  fibers 
release  the  neurotransmitter  acetylcholine  onto  the  cell  bod- 
ies in  the  ganglia.  The  postganglionic 
cells  project  their  axons  for  a relatively 
long  distance  to  the  target  tissues,  where 
they  release  the  neurotransmitter  nor- 
epinephrine. 

In  contrast,  the  cell  bodies  of  the 
efferent  parasympathetic  neurons  are 
located  either  in  the  brain  (cranial 
nerves  III,  VII,  IX,  and  X)  or  in  the  ven- 
tral horn  of  the  spinal  cord  at  the  sacral 
region.  The  preganglionic  neurons  travel 
long  distances  to  synapse  on  cells  in  the 
parasympathetic  ganglia  that  are  not 


neatly  lined  up  along  the  spinal  cord  but  are  close  to  individ- 
ual target  organs.  The  preganglionic  fibers  release  acetyl- 
choline, just  as  the  sympathetic  preganglionics  do.  However, 
the  parasympathetic  postganglionic  neurons,  which  are  quite 
short,  also  release  acetylcholine.  Understanding  the  auto- 
nomic nervous  system  is  especially  important  to  psy- 
chopharmacologists because  many  psychotherapeutic  drugs 
alter  either  norepinephrine  or  acetylcholine  in  the  brain  to 
relieve  symptoms,  but  by  altering  those  same  neurotrans- 
mitters in  the  peripheral  nerves,  the  drugs  often  produce 
annoying  or  dangerous  side  effects  such  as  elevated  blood 
pressure,  dry  mouth,  or  urinary  problems  (all  related  to 
autonomic  function).  Table  2.3  summarizes  the  differences 
between  the  two  divisions  of  the  ANS. 

CNS  functioning  is  dependent  on 
structural  features 

The  tough  bone  of  the  skull  and  vertebrae  maintains  the 
integrity  of  the  delicate  tissue  of  the  brain  and  spinal  cord. 
Additionally,  three  layers  of  tissue  called  meninges  lie  just 
within  the  bony  covering  and  provide  additional  protection. 
The  outermost  layer,  which  is  also  the  toughest,  is  the  dura 
mater.  The  arachnoid,  just  below  the  dura,  is  a membrane 
with  a weblike  sublayer  (subarachnoid  space)  filled  with 
cerebrospinal  fluid  (CSF).  The  brain  essentially  floats  in  CSF, 
so  the  CSF  cushions  the  organ  from  trauma  and  reduces  the 
pressure  on  the  base  of  the  brain  (see  Figure  1.5B).  Finally, 
the  pia  mater  is  a thin  layer  of  tissue  that  sits  directly  on  the 
nervous  tissue. 

The  CSF  not  only  surrounds  the  brain  but  also  fills  the 
irregularly  shaped  cavities  within  the  brain,  called  cerebral 
ventricles,  and  the  channel  that  runs  the  length  of  the  spinal 
cord,  called  the  central  canal.  The  CSF  is  formed  by  the 
choroid  plexus  within  the  lateral  ventricle  of  each  hemi- 
sphere and  flows  to  the  third  and  fourth  ventricles  before 
moving  into  the  subarachnoid  space  to  bathe  the  exterior  of 
the  brain  and  spinal  cord  (see  Figure  1.5A).  CSF  not  only 
protects  the  brain  but  also  helps  in  the  exchange  of  nutrients 
and  waste  products  between  the  brain  and  the  blood.  This 


TABLE  2.3  Characteristics  of  the  Sympathetic  and  Parasympathetic 
Divisions  of  the  Autonomic  Nervous  System 


Sympathetic 

Parasympathetic 

Energy  mobilization 

Energy  conservation  and  storage 

Origin  in  thoracic  and  lumbar  spinal  cord 

Origin  in  cranial  nerves  and  sacral 
spinal  cord 

Relatively  short  preganglionic  fibers;  long 
postganglionics 

Long  preganglionic  fibers  ending 
near  organs;  short  postganglionics 

Releases  acetylcholine  in  ganglia 
and  norepinephrine  at  target 

Releases  acetylcholine  at  both  ganglia 
and  target 
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exchange  is  possible  because  the  capillaries  found  in  the 
choroid  plexus  do  not  have  the  tight  junctions  typical  of  cap- 
illaries in  the  brain.  These  tight  junctions  constitute  the 
blood-brain  barrier,  a vital  mechanism  to  protect  the  deli- 
cate chemical  balance  in  the  CNS.  Refer  to  Chapter  1 for  a 
discussion  of  the  blood-brain  barrier. 

The  CNS  has  six  distinct  regions  reflecting 
embryological  development 

The  six  anatomical  divisions  of  the  adult  CNS  are  evident  in 
the  developing  embryo.  The  CNS  starts  out  as  a fluid-filled 
tube  that  soon  develops  three  enlargements  at  one  end  that 
become  the  adult  hindbrain,  midbrain,  and  forebrain,  while 
the  remainder  of  the  neural  tube  becomes  the  spinal  cord  (Fig- 
ure 2.19A).  The  fluid-filled  chamber  itself  becomes  the  ven- 
tricular system  in  the  brain  and  the  central  canal  in  the  spinal 
cord.  Within  2 months  of  conception,  further  subdivisions 
occur:  the  hindbrain  enlargement  develops  two  swellings,  as 
does  the  forebrain.  These  divisions,  in  ascending  order,  are  the 


spinal  cord,  myelencephalon,  metencephalon,  mesen- 
cephalon, diencephalon,  and  telencephalon.  Each  region  can 
be  further  subdivided  into  clusters  of  cell  bodies,  called 
nuclei,  and  their  associated  bundles  of  axons,  called  tracts. 
(In  the  PNS  they  are  called  ganglia  and  nerves,  respectively.) 
These  interconnecting  networks  of  cells  will  be  the  focus  in 
much  of  the  remainder  of  this  book,  because  drugs  that  alter 
brain  function,  that  is,  psychotropic  drugs,  modify  the  inter- 
actions of  these  neurons.  The  principal  divisions  of  the  CNS 
are  summarized  in  Figure  2.19B  and  C. 

Spinal  cord  The  spinal  cord  is  made  up  of  gray  and  white 
matter.  The  former  appears  butterfly  shaped  in  cross  section 
(Figure  2.20A)  and  is  called  gray  matter  because  the  large 
number  of  cell  bodies  in  this  region  appear  dark  on  histo- 
logical examination.  The  cell  bodies  include  cell  groups  that 
receive  information  from  sensory  afferent  neurons  entering 
the  dorsal  horn  and  cell  bodies  of  motor  neurons  in  the  ven- 
tral horn  that  send  efferents  to  skeletal  muscles.  The  white 
matter  surrounding  the  butterfly- shaped  gray  matter  is  made 


(A)  Embryonic  development  of  the  human  brain 


(B)  Organization  of  the  adult  human  brain  (C)  Adult  brain 


Figure  2.19  Divisions  of  the  central  nervous  system  The  organization  of  the  CNS  (brain  and  spinal  cord)  is  presented 

(A)  Beginning  with  the  primitive  neural  tube  in  the  human  in  the  table  and  color  coded  to  match  the  divisions  shown  in 

embryo,  the  CNS  develops  rapidly,  and  by  day  50  of  gestation  the  adult  brain  (sagittal  section)  (C). 

the  six  divisions  of  the  adult  CNS  are  apparent  in  the  fetus.  (B) 
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Figure  2.20  Spinal  cord  (A)  A view  of  the  spinal  cord  showing  its  relation 
ship  to  the  protective  layers  of  meninges  and  the  bony  vertebra.  Notice  the 
clearly  defined  gray  matter  and  white  matter  in  cross  section.  (B)  Schematic 
diagram  of  the  ascending  sensory  tracts  shown  in  blue  and  the  descending 
motor  tracts  in  red. 


examine  the  ventral  surface  of  the  brain  (Fig- 
ure 2.21  A),  the  brain  stem  with  its  three  prin- 
cipal parts,  the  medulla,  pons,  and  midbrain,  is 
clearly  visible.  The  brain  stem  contains  the 
reticular  formation,  a large  network  of  cells 
and  interconnecting  fibers  that  extends  up  the 
core  of  the  brain  stem  for  most  of  its  length 
(described  later  in  the  section  on  the  meten- 
cephalon).  Additionally,  the  brain  stem  is  the 
origin  of  numerous  cranial  nerves  that  receive 
sensory  information  from  the  skin  and  joints 
of  the  face,  head,  and  neck  as  well  as  serving 
motor  control  to  the  muscles  in  that  region 
(see  Figure  2.17).  Finally,  a significant  volume 
of  the  brain  stem  is  made  up  of  ascending  and 
descending  axons  coursing  between  the  spinal 
cord  and  higher  brain  regions.  The  relationship 
of  the  structures  of  the  brain  stem  is  also 
apparent  in  the  midsagittal  view  (Figure 
2.21B). 

Myelencephalon  The  first  major  structure 
of  the  brain  stem  we  encounter  is  the  myelen- 
cephalon, or  medulla.  Within  the  medulla, 
multiple  cell  groups  regulate  vital  functions 
including  heart  rate,  digestion,  respiration, 
blood  pressure,  coughing,  and  vomiting.  When 
an  individual  dies  from  a drug  overdose,  the 
cause  is  most  often  depression  of  the  respira- 
tory center  in  the  medulla.  Also  located  in  the 
medulla  is  the  area  postrema,  or  vomiting  cen- 
ter described  in  Chapter  1 as  a cluster  of  cells 
with  a reduced  blood-brain  barrier  that  initi- 
ates vomiting  in  response  to  toxins  in  the 
blood.  Drugs  in  the  opiate  class  such  as  mor- 
phine act  on  the  area  postrema  and  produce 
vomiting,  a common  unpleasant  side  effect  of 
treatment  for  pain.  The  nuclei  for  cranial 
nerves  XI  and  XII  that  control  the  muscles  of 
the  neck  and  tongue  are  also  located  in  the 
medulla. 


up  of  myelinated  axons  of  ascending  pathways  that  conduct 
sensory  information  to  the  brain  and  of  descending  path- 
ways from  higher  centers  to  the  motor  neurons  that  initiate 
muscle  contraction  (Figure  2.20B). 

As  we  move  up  the  spinal  cord  and  enter  the  skull,  the 
spinal  cord  enlarges  and  becomes  the  brain  stem.  If  you 


Metencephalon  Two  large  structures  with- 
in the  metencephalon  are  the  pons  and  cere- 
bellum (see  Figure  2.21).  Within  the  central 
core  of  the  pons  and  extending  rostrally  into 
the  midbrain  and  caudally  into  the  medulla  is 
the  reticular  formation.  The  reticular  formation  is  not  real- 
ly a structure  but  a collection  of  perhaps  100  small  nuclei 
forming  a network  that  plays  an  important  role  in  arousal, 
attention,  sleep,  and  muscle  tone,  as  well  as  some  cardiac  and 
respiratory  reflexes.  One  nucleus  called  the  locus  coeruleus 
is  of  particular  importance  to  psychopharmacology  because 
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(B)  Midsagittal  view 
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Figure  2.21  Two  views  of  the  human  brain  The  drawings  on  the  left  in  each  panel 
label  the  structural  features  that  are  visible  on  the  ventral  external  surface  (A)  and  mid- 
sagittal  (midline)  section  (B).The  right  side  of  each  panel  is  the  same  view  of  a human 
postmortem  brain  specimen.  (Courtesy  of  Mark  Williams  and  Dale  Purves,  Duke  Univer- 
sity Medical  Center.) 


it  is  a cluster  of  cell  bodies  that  distribute  their  axons  to  many 
areas  of  the  forebrain.  These  cells  are  the  principal  source  of 
all  the  neurons  utilizing  the  neurotransmitter  norepineph- 
rine. When  active,  these  cells  cause  arousal,  increased  vigi- 
lance, and  attention.  Drugs  like  amphetamine  enhance  their 
function,  causing  sleeplessness  and  enhanced  alertness. 

Other  cell  groups  within  the  pons  that  also  belong  to  the 
reticular  formation  are  the  dorsal  and  median  raphe  nuclei. 
These  two  clusters  of  cells  are  the  source  of  most  of  the  neu- 
rons in  the  CNS  that  utilize  serotonin  as  their  neurotransmit- 


ter. Together,  the  cell  bodies  in  the 
dorsal  and  median  raphe  send  axons 
releasing  serotonin  to  virtually  all 
forebrain  areas 'and  function  in  the 
regulation  of  diverse  processes  includ- 
ing sleep,  aggression  and  impulsive- 
ness, neuroendocrine  functions,  and  emotion.  Having  a gen- 
erally inhibitory  effect  on  CNS  function,  serotonin  may 
maintain  behaviors  within  specific  limits.  Drugs  such  as  LSD 
produce  their  dramatic  hallucinogenic  effects  by  inhibiting 
the  inhibitory  functions  of  the  raphe  nuclei  (see  Chapters  6 
and  14). 

The  cerebellum  is  a large  foliated  structure  on  the  dorsal 
surface  of  the  brain  that  connects  to  the  pons  by  several  large 
bundles  of  axons  called  cerebellar  peduncles.  The  cerebel- 
lum is  a significant  sensorimotor  center  and  receives  visual, 
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auditory,  and  somatosensory  input  as  well  as  informa- 
tion about  body  position  and  balance  from  the  vestibu- 
lar system.  By  coordinating  the  sensory  information 
with  motor  information  received  from  the  cerebral  cor- 
tex, the  cerebellum  coordinates  and  smoothes  out  move- 
ments by  timing  and  patterning  skeletal  muscle  contrac- 
tions. In  addition,  the  cerebellum  allows  us  to  make 
corrective  movements  to  maintain  our  balance  and  pos- 
ture. Damage  to  the  cerebellum  produces  poor  coordi- 
nation and  jerky  movements.  Drugs  such  as  alcohol  at 
moderate  doses  inhibit  the  function  of  the  cerebellum 
and  cause  slurred  speech  and  staggering. 

Mesencephalon  The  midbrain  has  two  divisions:  the 
tectum  and  the  tegmentum.  The  tectum  is  the  dorsal- 
most  structure  and  consists  of  the  superior  colliculi, 
which  are  part  of  the  visual  system,  and  the  inferior  col- 
liculi, which  are  part  of  the  auditory  system  (see  Figure 
2.2 IB).  These  nuclei  are  involved  in  reflexes  including 
the  pupillary  reflex  to  light,  eye  movement,  and  reac- 
tions to  moving  stimuli. 

Within  the  tegmentum  are  several  structures  that  are 
particularly  important  to  psychopharmacologists.  The 
first  is  the  periaqueductal  gray  (PAG),  which  surrounds 
the  cerebral  aqueduct  that  connects  the  third  and  fourth  ven- 
tricles. The  PAG  is  one  of  the  areas  important  for  the  modula- 
tion of  pain.  Local  electrical  stimulation  of  these  cells  produces 
analgesia  but  no  change  in  the  ability  to  detect  temperature, 
touch,  or  pressure.  The  PAG  is  rich  in  opioid  receptors,  mak- 
ing it  an  important  site  for  morphine-induced  analgesia. 
Chapter  9 describes  the  importance  of  natural  opioid  neu- 
ropeptides and  the  PAG  in  pain  regulation.  The  PAG  is  also 
important  in  sequencing  species-specific  actions,  such  as 
defensive  rage  and  predation. 

The  substantia  nigra  is  a cluster  of  cell  bodies  whose  rela- 
tively long  axons  innervate  the  striatum,  a component  of  the 
basal  ganglia  (Figure  2.22).  These  cells  constitute  one  of  sev- 
eral important  neural  pathways  that  utilize  dopamine  as  their 
neurotransmitter.  This  pathway  is  called  the  nigrostriatal 
tract.  (The  names  of  neural  pathways  often  combine  the  site 
of  origin  of  the  fibers  with  their  termination  site,  hence 
nigrostriatal,  meaning  substantia  nigra  to  striatum.)  This 
neural  circuit  is  critical  for  the  initiation  and  modulation  of 
movement.  Cell  death  in  the  substantia  nigra  is  the  cause  of 
Parkinson’s  disease,  a disorder  characterized  by  tremor,  rigid- 
ity, and  inability  to  initiate  movements.  An  adjacent  cluster  of 
dopaminergic  cells  in  the  midbrain  is  the  ventral  tegmental 
area  (VTA).  Some  of  these  cells  project  axons  to  the  septum, 
olfactory  tubercle,  nucleus  accumbens,  amygdala,  and  other 
limbic  structures  in  the  forebrain  (see  the  section  on  the 
telencephalon).  Hence  these  cells  form  the  mesolimbic  tract 
(note  that  “meso”  refers  to  midbrain).  Other  cells  in  the  VTA 
project  to  structures  in  the  prefrontal  cortex,  cingulate  cor- 


Figure 2.22  The  basal  ganglia  These  four  structures  form  neural 
pathways  that  utilize  dopamine  as  their  neurotransmitter. These  neu- 
ral circuits  comprise  a system  for  motor  control. 


tex,  and  entorhinal  areas  and  are  considered  the  mesocortical 
tract.  All  three  of  these  dopamine  pathways  are  of  significance 
in  our  discussions  of  Parkinsons  disease  (Chapter  5),  drug 
addiction  (Chapter  8),  and  schizophrenia  (Chapter  18). 

Diencephalon  The  two  major  structures  in  the  dien- 
cephalon are  the  thalamus  and  hypothalamus.  The  thalamus 
is  a cluster  of  nuclei  that  first  process  and  then  distribute  sen- 
sory and  motor  information  to  the  appropriate  portion  of 
the  cerebral  cortex.  For  example,  the  lateral  geniculate  nucle- 
us of  the  thalamus  receives  visual  information  from  the  eyes 
before  projecting  it  to  the  primary  visual  cortex.  Most  of  the 
incoming  signals  are  integrated  and  modified  before  being 
sent  on  to  the  cortex.  The  functioning  of  the  thalamus  helps 
the  cortex  to  direct  its  attention  to  selectively  important  sen- 
sory messages  while  diminishing  the  significance  of  others; 
hence  the  thalamus  helps  to  regulate  levels  of  awareness. 

The  second  diencephalic  structure,  the  hypothalamus, 
lies  ventral  to  the  thalamus  at  the  base  of  the  brain.  Although 
it  is  much  smaller  than  the  thalamus,  it  is  made  up  of  many 
small  nuclei  that  perform  functions  critical  to  survival  (Fig- 
ure 2.23).  The  hypothalamus  receives  a wide  variety  of  infor- 
mation about  the  internal  environment  and,  in  coordination 
with  closely  related  structures  in  the  limbic  system  (see  the 
section  on  the  telencephalon),  initiates  various  mechanisms 
important  for  limiting  the  variability  of  the  body's  internal 
states  (i.e.,  they  are  responsible  for  homeostasis).  Several 
nuclei  are  involved  in  maintaining  body  temperature  and 
salt-water  balance.  Other  nuclei  modulate  hunger,  thirst, 
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Figure  2.23  Hypothalamus  The  hypothalamus  is  a cluster  of  nuclei  at  the  base 
of  the  forebrain  that  is  often  subdivided  into  three  groups  based  on  region:  anteri- 
or, tuberal,  and  lateral-posterior.  Each  of  the  nuclei  has  its  own  complex  pattern  of 
neural  connections  and  regulates  one  or  several  components  of  homeostatic  func- 
tion and  motivated  behavior. 
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energy  metabolism,  reproductive  behaviors,  and  emotional 
responses  such  as  aggression.  The  hypothalamus  directs 
behaviors  for  adjusting  to  these  changing  needs  by  control- 
ling both  the  autonomic  nervous  system  and  the  endocrine 
system  and  organizing  behaviors  in  coordination  with  other 
brain  areas.  Axons  from  nuclei  in  the  hypothalamus  descend 
into  the  brain  stem  to  the  nuclei  of  the  cranial  nerves  that 
provide  parasympathetic  control.  Additionally,  other  axons 
descend  farther  into  the  spinal  cord  to  influence  sympathet- 
ic nervous  system  function.  Other  hypothalamic  nuclei  com- 
municate with  the  contiguous  pituitary  gland  by  two  meth- 
ods: neural  control  of  the  posterior  pituitary  and  hormonal 
control  of  the  anterior  pituitary.  By  regulating  the  endocrine 
hormones,  the  hypothalamus  has  widespread  and  prolonged 
effects  on  body  physiology.  Of  particular  significance  to  psy- 
chopharmacology is  the  role  of  the  paraventricular  nucleus 
in  regulating  the  hormonal  response  to  stress,  which  is 
involved  in  clinical  depression  and  anxiety  disorders.  The 
details  of  hypothalamic-pituitary  relations  are  described  in 
more  detail  in  Chapter  3. 


Telencephalon  The  cerebral  hemispheres 
are  the  largest  region  of  the  brain  and  include 
the  external  cerebral  cortex,  the  underlying 
white  matter,  and  subcortical  structures 
belonging  to  the  basal  ganglia  and  limbic  sys- 
tem. The  basal  ganglia  includes  the  caudate, 
putamen,  and  globus  pallidus  and,  along 
with  the  substantia  nigra  in  the  midbrain, 
comprises  a system  for  motor  control  (see 
Figure  2.22).  Drugs  to  control  the  symptoms 
of  Parkinsons  disease  act  on  this  group  of 
structures. 

The  limbic  system  is  a complex  neural 
network  that  is  involved  in  integrating  emo- 
tional responses  and  regulating  motivated 
behavior  and  learning.  The  limbic  system 
includes  the  limbic  cortex,  which  is  located  on 
the  medial  and  interior  surface  of  the  cerebral 
hemispheres  and  is  transitional  between  allo- 
cortex (phylogenetically  older  cortex)  and 
neocortex  (the  more  recently  evolved  six-layer 
cortex).  A significant  portion  of  limbic  cortex 
is  the  cingulate.  Chapter  10  describes  the 
importance  of  the  anterior  portion  of  the  cin- 
gulate in  mediating  the  emotional  component 
of  pain.  Some  of  the  significant  subcortical 
limbic  structures  are  the  amygdala,  nucleus 
accumbens,  and  hippocampus,  which  is  con- 
nected to  the  mammillary  bodies  and  the  septal  nuclei  by  the 
fornix,  the  major  tract  of  the  limbic  system  (Figure  2.24).  The 
hippocampus  is  most  closely  associated  with  the  establish- 
ment of  new  long-term  memories  and  spatial  memory  and 
has  been  the  focus  of  research  into  Alzheimer’s  disease  and  its 
treatment  (see  Chapter  6).  Additionally,  the  vulnerability  of 
the  hippocampus  to  high  levels  of  stress  hormones  suggests 
its  involvement  in  clinical  depression  and  antidepressant  drug 
treatment  (see  Chapter  16).  The  amygdala  plays  a central  role 
in  coordinating  the  various  components  of  emotional 
responses,  through  its  profuse  connections  with  the  olfactory 
system,  hypothalamus  (which  is  sometimes  included  in  the 
limbic  system  even  though  it  is  a diencephalic  structure),  thal- 
amus, hippocampus,  striatum,  and  brain  stem  nuclei,  as  well 
as  portions  of  the  neocortex,  such  as  the  orbitofrontal  cortex. 
The  amygdala  and  associated  limbic  areas  play  a prominent 
role  in  our  discussions  of  antidepressants,  alcohol,  and 
antianxiety  drugs.  In  addition,  chapters  describing  the  rein- 
forcing value  of  abused  substances  also  focus  on  limbic  struc- 
tures, notably  the  nucleus  accumbens. 
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Cingulate  cortex 


Figure  2.24  Limbic  system  Multiple  subcortical  structures 
interconnect  to  form  the  limbic  system,  which  is  critical  to  learn- 
ing, memory,  and  emotional  responses.  Rich  connection  with 
areas  of  association  cortex  contribute  to  decision  making  and 
planning. 


The  cerebral  cortex  is  divided  into  four 
lobes , each  having  primary,  secondary, 
and  tertiary  areas 

The  cerebral  cortex  is  a layer  of  tissue  covering  the  cerebral 
hemispheres.  In  humans,  the  cortex  (or  “bark”)  is  heavily 
convoluted,  having  deep  grooves  called  fissures,  smaller 
grooves  called  sulci,  and  bulges  of  tissue  between  called  gyri. 
Thus  the  bulge  of  tissues  immediately  posterior  to  the  cen- 
tral sulcus  is  the  postcentral  gyrus.  The  convolutions  of  the 


cortex  greatly  enlarge  its  surface  area,  to  approximately  2.5 
square  feet.  Only  about  one-third  of  the  surface  of  the  cor- 
tex is  visible  externally,  with  the  remaining  two-thirds  hid- 
den in  the  sulci  and  fissures.  Figure  2.25  shows  some  of  the 
external  features  of  the  cerebral  cortex.  There  may  be  as 
many  as  50  to  100  billion  cells  in  the  cortex,  arranged  in  six 
layers  horizontal  to  the  surface.  Since  these  layers  have  large 
numbers  of  cell  bodies,  they  appear  gray  in  color;  hence  they 
are  the  gray  matter  of  the  cerebral  cortex.  Each  layer  can  be 
identified  by  cell  type,  size,  density,  and  arrangement. 
Beneath  the  six  layers,  the  white  matter  of  the  cortex  consists 
of  millions  of  axons  that  connect  one  part  of  the  cortex  with 
another  or  connect  cortical  cells  to  other  brain  structures. 
One  of  the  largest  of  these  pathways  is  the  corpus  callosum 
(see  Figure  2.2 IB),  which  connects  corresponding  areas  in 
the  two  hemispheres.  In  addition  to  the  horizontal  layers,  the 
cortex  also  has  a vertical  arrangement  of  cells  that  form  slen- 
der vertical  columns  running  through  the  entire  thickness  of 
the  cortex.  These  vertically  oriented  cells  and  their  synaptic 
connections  apparently  provide  the  functional  units  for  inte- 
gration of  information  between  various  cortical  regions. 

The  central  sulcus  and  lateral  fissure  (see  Figure  2.25) 
visually  divide  the  cortex  into  four  distinct  lobes  in  each 
hemisphere:  the  parietal  lobe,  occipital  lobe,  and  temporal 
lobe,  all  of  which  are  sensory  in  function,  and  the  frontal 
lobe,  which  is  responsible  for  movement  and  executive  plan- 
ning. Within  each  lobe  is  a small  primary  area,  adjacent  sec- 
ondary cortex,  and  tertiary  areas  called  association  cortex. 
Within  the  occipital  lobe  is  the  primary  visual  cortex,  which 
receives  visual  information  from  the  thalamus  that  originat- 
ed in  the  retina  of  the  eye.  The  primary  auditory  cortex 
receives  auditory  information  and  is  located  in  the  temporal 
lobe,  and  the  primary  somatosensory  cortex,  which  receives 
information  about  body  senses  such  as  touch,  temperature, 
and  pain,  is  found  in  the  parietal  lobe  just  posterior  to  the 


Figure  2.25  Lateral  view  of  the  exterior 
cerebral  cortex  The  four  lobes  of  the  cerebral 
cortex  are  shown  with  distinct  colors.  Within 
each  lobe  is  a primary  area  (darker  in  color)  and 
secondary  and  tertiary  association  cortices.The 
caudal-most  three  lobes  carry  out  sensory  func- 
tions: vision  (occipital),auditory  (temporal),  and 
somatosensory  (parietal). The  frontal  lobe  pro- 
vides the  executive  mechanism  that  plans  and 
organizes  behavior  and  initiates  the  appropri- 
ate sequence  of  actions. 
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central  sulcus.  Neither  the  gustatory  cortex,  involving  taste 
sensations,  nor  the  primary  olfactory  area,  receiving  infor- 
mation regarding  the  sense  of  smell,  are  visible  on  the  sur- 
face but  lie  within  the  folds  of  the  cortex.  The  primary  cortex 
of  each  lobe  provides  conscious  awareness  of  sensory  experi- 
ence and  the  initial  cortical  processing  of  sensory  qualities. 
Except  for  olfaction,  all  sensory  information  arrives  in  the 
appropriate  primary  cortex  via  projection  neurons  from  the 
thalamus.  In  addition,  except  for  olfaction,  sensory  informa- 
tion from  the  left  side  of  the  body  goes  to  the  right  cerebral 
hemisphere  first,  and  information  from  the  right  side  goes  to 
the  left  hemisphere.  Visual  information  is  somewhat  differ- 
ent in  that  the  left  half  of  the  visual  field  of  each  eye  goes  to 
the  right  occipital  lobe  and  the  right  half  of  the  visual  field 
of  each  eye  goes  to  the  left  occipital  lobe. 

Adjacent  to  each  primary  area  is  secondary  cortex  that 
consists  of  neuronal  circuits  responsible  for  analyzing  the 
information  transmitted  from  the  primary  area  and  provid- 
ing recognition  (or  perception)  of  the  stimulus.  These  areas 
also  are  the  regions  where  memories  are  stored.  Farther  from 
the  primary  areas  are  association  areas  that  lay  down  more- 
complex  memories  that  involve  multiple  sensory  systems 
such  that  our  memories  are  not  confined  to  a single  sensory 
system  but  integrate  multiple  characteristics  of  the  event.  For 
example,  many  of  us  remember  pieces  of  music  from  the 
past  that  automatically  evoke  visual  memories  of  the  person 
we  shared  it  with  or  the  time  in  our  lives  when  it  was  popu- 
lar. These  tertiary  association  areas  are  often  called  the  pari- 
etal-temporal-occipital association  cortex  because  they  rep- 
resent the  interface  of  the  three  sensory  lobes  and  provide 
the  higher-order  perceptual  functions  needed  for  purpose- 
ful action. 

Within  the  frontal  lobe,  the  primary  motor  cortex  medi- 
ates voluntary  movements  of  the  muscles  of  the  limbs  and 
trunk.  Neurons  originating  in  primary  motor  cortex  directly, 
or  in  several  steps,  project  to  the  spinal  cord  to  act  on  spinal 
motor  neurons  that  end  on  muscle  fibers.  As  was  true  for  the 
sensory  systems,  the  motor  neurons  beginning  in  the  frontal 
cortex  are  crossed,  meaning  that  areas  of  the  right  primary 
motor  cortex  control  movements  of  limbs  on  the  left  side  of 
the  body  and  vice  versa.  Adjacent  to  the  primary  motor  cor- 
tex is  the  secondary  motor  cortex,  where  memories  for  well- 
learned  motor  sequences  are  stored.  Neurons  in  this  area 
connect  directly  to  the  primary  motor  cortex  to  direct  move- 
ment. The  rest  of  the  frontal  lobe  comprises  the  prefrontal 
cortex,  which  receives  sensory  information  from  the  other 
cortices  via  the  large  bundles  of  white  matter  running  below 
the  gray  matter.  Emotional  and  motivational  input  is  con- 
tributed to  the  prefrontal  cortex  by  limbic  and  other  subcor- 
tical structures.  The  prefrontal  cortex  is  critical  for  making 
decisions,  planning  actions,  and  evaluating  optional  strate- 
gies. Impaired  prefrontal  function  is  characteristic  of  several 


psychiatric  disorders  including  borderline  personality  disor- 
der, memory  loss  following  traumatic  brain  injury,  attention 
deficit  disorder,  and  others.  The  significance  of  this  brain 
region  to  the  symptoms  and  treatment  of  schizophrenia  is 
discussed  in  Chapter  18. 

Section  Summary 

The  nervous  system  is  made  up  of  the  central  and  peripher- 
al divisions.  The  CNS  includes  the  brain  and  spinal  cord,  and 
the  PNS  is  made  up  of  the  remaining  nerves,  both  spinal  and 
cranial.  The  PNS  is  further  divided  into  the  somatic  nervous 
system,  which  includes  the  mixed  spinal  nerves  that  transmit 
both  sensory  and  motor  information  to  skeletal  muscles,  and 
the  autonomic  nervous  system,  which  serves  smooth  mus- 
cles, glands,  and  visceral  organs.  The  autonomic  nervous  sys- 
tem also  has  two  divisions:  the  sympathetic,  which  serves  to 
mobilize  energy  for  times  of  “fight  or  flight”;  and  the  para- 
sympathetic, which  reduces  energy  utilization  and  stores 
reserves.  The  12  pairs  of  cranial  nerves  perform  similar  func- 
tions for  the  head  and  neck. 

The  CNS  can  be  divided  into  six  regions  reflecting  embry- 
ological  development.  Within  each  region  are  multiple  nuclei 
and  their  associated  axons,  which  form  interconnecting  neu- 
ral circuits  that  elicit  behaviors  appropriate  to  changing  con- 
ditions. The  spinal  cord  is  the  first  division  and  has  clearly 
defined  regions  of  gray  and  white  matter  when  examined  in 
cross  section.  The  gray  matter  is  the  cell  bodies  that  receive 
sensory  information  and  the  cell  bodies  of  motor  neurons 
that  serve  muscles.  The  white  matter  is  tracts  of  axons  that 
carry  signals  in  the  ascending  direction  to  the  brain  and 
descending  tracts  for  cortical  control  of  the  spinal  cord. 
Moving  rostrally,  the  spinal  cord  passes  through  an  opening 
in  the  skull  and  becomes  the  brain  stem.  Much  of  the  brain 
stem  also  contains  the  continuation  of  the  axon  bundles  to 
and  from  the  spinal  cord  and,  in  addition,  has  clusters  of 
nuclei  that  can  be  described  on  a functional  basis. 

Continuous  with  the  spinal  cord  is  the  myelencephalon, 
which  contains  the  medulla.  This  region  is  populated  by 
multiple  nuclei  that  serve  some  of  the  vital  functions  for  sur- 
vival, such  as  respiration.  The  metencephalon  includes  the 
cerebellum,  which  functions  to  maintain  posture  and  balance 
and  provide  fine  motor  control  and  coordination.  The  pons, 
also  part  of  the  metencephalon,  contains  several  nuclei  that 
represent  the  origins  of  most  of  the  tracts  utilizing  the  neu- 
rotransmitters norepinephrine  (the  locus  coeruleus)  and 
serotonin  (the  raphe  nuclei)  in  the  brain.  Beginning  in  the 
medulla,  running  through  the  pons,  and  extending  into  the 
midbrain  is  the  reticular  formation,  a network  of  intercon- 
nected nuclei  that  control  arousal,  attention,  and  survival 
functions.  The  upper  end  of  the  brain  stem  is  the  mesen- 
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cephalon,  or  midbrain,  which  contains  not  only  centers  that 
control  sensory  reflexes  such  as  pupillary  constriction  but 
also  important  sources  of  neurons  (substantia  nigra  and  ven- 
tral tegmental  area)  forming  three  major  dopaminergic 
tracts.  In  addition,  the  periaqueductal  gray  organizes  behav- 
iors such  as  defensive  rage  and  predation  and  serves  as  an 
important  pain-modulating  center. 

The  fifth  region  is  the  diencephalon,  containing  the  thala- 
mus, which  relays  information  to  the  cerebral  cortex,  and  the 
hypothalamus,  which  is  important  for  maintaining  home- 
ostasis of  physiological  functions  and  for  modulating  moti- 
vated behaviors  including  eating,  aggression,  reproduction, 
and  so  forth.  The  many  nuclei  that  constitute  the  hypothala- 
mus control  both  the  autonomic  nervous  system  and  the 
endocrine  system. 

The  telencephalon  includes  both  the  cerebral  cortex  and 
multiple  subcortical  structures  including  the  basal  ganglia 
and  the  limbic  system.  The  basal  ganglia  modulates  move- 
ment. The  limbic  system  is  made  up  of  several  brain  struc- 


tures with  perfuse  interconnections  that  modulate  emotion, 
motivation,  and  learning.  Some  of  the  prominent  limbic 
structures  are  the  amygdala,  hippocampus,  nucleus  accum- 
bens,  and  limbic  cortex. 

The  six-layered  cerebral  cortex  is  organized  into  four 
lobes:  the  occipital,  temporal,  and  parietal,  which  are  the  sen- 
sory lobes  involved  in  perception  and  memories,  and  the 
frontal,  which  regulates  motor  movements  and  contains  the 
“executive  mechanism”  for  planning,  evaluating,  and  mak- 
ing strategies. 
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n the  early  twentieth  century,  physiologists  were  still  unsure  how  nerve 
cells  communicated  with  one  another.  Some  thought  electrical  impulses 
“jumped  the  gap”  from  one  neuron  to  another  or  from  neurons  to  the 
cells  of  a target  organ  such  as  a muscle.  Alternatively,  the  terminal  might 
release  a chemical  substance  that  acted  on  the  receiving  cell.  Some  indirect 
evidence  supported  this  chemical  hypothesis  of  nerve  cell  communication, 
but  no  one  had  yet  performed  a definitive  experiment  testing  the  hypothesis. 


A model  of  the  nicotinic  acetylcholine  receptor. 
This  ionotropic  receptor  consists  of  five  subunits 
that  form  a central  pore  through  which  ions 
can  flow. 


This  brings  us  to  Otto  Loewi,  a German  pharmacologist  who 
carried  out  the  long-awaited  experiment  in  1920.  Loewi  later 
recounted  that  the  idea  of  chemical  transmission  had  occurred 
to  him  as  early  as  1903,  but  at  that  time  he  had  no  way  of  testing 
the  idea  and  thus  forgot  about  it  for  many  years.  Meanwhile,  he 
had  begun  studying  the  control  of  the  frog  heart  by  the  vagus 
nerve,  a parasympathetic  nerve  that  reduces  heart  rate.  In 
Loewis  own  words: 

The  night  before  Easter  Sunday  of  that  year  ( 1920)  I awoke, 
turned  on  the  light,  and  jotted  down  a few  notes  on  a tiny  slip 
of  thin  paper.  Then  I fell  asleep  again.  It  occurred  to  me  at  six 
o’clock  in  the  morning  that  during  the  night  I had  written 
down  something  most  important,  but  I was  unable  to  decipher 
the  scrawl.  The  next  night,  at  three  o’clock,  the  idea  returned. 

It  was  the  design  of  an  experiment  to  determine  whether  or 
not  the  hypothesis  of  chemical  transmission  I had  uttered  sev- 
enteen years  ago  was  correct.  I got  up  immediately,  went  to  the 
laboratory,  and  performed  a simple  experiment  on  a frog  heart 
according  to  the  nocturnal  design.  (Loewi,  1960,  p.  17) 

In  his  “simple  experiment,”  Loewi  first  removed  the  hearts  of 
two  frogs,  only  one  of  which  still  had  the  vagus  nerve  attached, 
and  bathed  the  organs  in  a solution  that  would  keep  them  func- 
tioning for  a while.  The  vagus  nerve  of  the  first  heart  was  elec- 
trically stimulated,  which  caused  the  heart  to  slow  down  as 
expected.  The  fluid  that  had  been  bathing  the  first  heart  was 
then  transferred  to  the  second  heart,  and,  amazingly,  the  sec- 
ond heart  slowed  down  as  well.  This  meant  that  stimulation  of 
the  vagus  nerve  released  a chemical  substance  that  was  respon- 
sible for  the  decrease  in  heart  rate.  Loewi  named  this  unknown 
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chemical  Vagusstoff  (“vagus  material”),  and  within  a few 
years  it  was  identified  as  the  substance  acetylcholine  (ACh). 
Interestingly,  Loewi  admitted  that  if  he  had  carefully  consid- 
ered this  experiment  in  the  daytime  instead  of  rushing  to  the 
lab  in  the  middle  of  the  night,  he  would  have  rejected  it  as 
being  unlikely  to  succeed.  For  example,  even  if  a chemical  is 
released  from  the  nerve,  it  might  be  in  quantities  too  small 
to  affect  the  recipient  heart.  Fortunately,  Loewi  had  some 
luck  on  his  side  (in  addition  to  his  insight):  not  only  did  the 
vagus  nerve  liberate  enough  ACh  to  affect  the  recipient  heart, 
but  the  neurotransmitter  was  able  to  persist  in  the  trans- 
ferred fluid  because  the  frog  heart  has  a lower  capacity  to 
break  down  ACh  than  the  hearts  of  many  other  species. 

Loewi’s  experiment  introduces  one  of  the  body’s  great 
systems,  cellular  communication,  the  system  of  synaptic 
transmission.  In  the  rest  of  this  chapter,  you  will  learn  more 
about  synapses,  neurotransmitters,  and  the  mechanisms  of 
neurotransmitter  action.  The  final  section  is  devoted  to  a 
second  important  communication  system,  the  endocrine 
system,  which  is  responsible  for  secretion  of  hormones  into 
the  bloodstream/ 
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Figure  3.1  An  electron  micrograph  of  an  axodendritic 
synapse  illustrating  the  major  features  of  a typical  connection 
between  an  axon  terminal  of  the  presynaptic  cell  and  a dendritic 
spine  of  the  postsynaptic  cell.  (From  Peters  et  al.,  1991.) 


Chemical  Signaling  between  Nerve  Cells 

The  word  synapse  was  coined  in  1897  by  the  British  physiol- 
ogist Sir  Charles  Sherrington.  He  derived  the  term  from  the 
Greek  word  synapto , which  means  “to  clasp.”  Using  only  a 
light  microscope,  Sherrington  could  not  see  the  actual  point 
of  communication  between  neurons,  but  physiological 
experiments  had  shown  that  transmission  only  occurs  in  one 
direction  (from  what  we  now  call  the  presynaptic  cell  to  the 
postsynaptic  cell).  The  synapse  was  considered  to  be  the  spe- 
cialized mechanism  underlying  this  neuronal  communica- 
tion. Sherrington  even  correctly  inferred  that  the  sending 
(presynaptic)  and  receiving  (postsynaptic)  cells  do  not  actu- 
ally touch  each  other.  Of  course,  the  concept  of  chemical 
transmitter  substances  had  not  yet  been  conceived,  since 
Loewi’s  frog  heart  experiment  was  still  more  than  20  years 
away  and  other  critical  studies  had  also  not  yet  been  per- 
formed. 

Our  current  knowledge  of  synaptic  structure  comes 
from  the  electron  microscope,  which  gives  us  much  greater 
magnification  than  standard  light  microscopes.  The  most 
common  synapses  in  the  brain  are  axodendritic  synapses. 
These  are  synapses  in  which  an  axon  terminal  from  the 
presynaptic  neuron  communicates  with  a dendrite  of  the 
postsynaptic  cell.  An  electron  micrograph  displaying  this 
kind  of  synapse  is  shown  in  Figure  3.1  (see  also  Figure 


*The  third  great  signaling  system  is  the  immune  system,  discus- 
sion of  which  is  beyond  the  scope  of  this  text. 


3.2A).  The  dendrites  of  some  neurons  have  short  spines 
along  their  length,  which  are  reminiscent  of  thorns  grow- 
ing out  from  a rosebush.  When  spines  are  present,  they  are 
important  locations  for  synapses  to  form,  and  this  is  the 
case  for  the  synapse  shown  in  Figure  3.1.  There  is  an 
exceedingly  small  (about  20  nm,  which  is  20  x 1CT9  m)  gap 
between  the  pre-  and  postsynaptic  cells  that  must  be  tra- 
versed by  neurotransmitter  molecules  after  their  release. 
This  gap  is  called  the  synaptic  cleft.  In  the  axon  terminal, 
we  can  see  many  small  sac-like  objects,  termed  synaptic 
vesicles,  each  of  which  is  filled  with  several  thousand  mol- 
ecules of  a neurotransmitter.  As  we  shall  see,  the  vesicles  are 
normally  the  source  of  transmitter  release.  The  electron 
micrograph  also  shows  a profile  of  a mitochondrion  in  the 
axon  terminal.  Mitochondria  are  the  cellular  organelles 
responsible  for  energy  (adenosine  triphosphate,  or  ATP) 
production,  and  they  are  needed  in  large  amounts  in  the 
terminals  for  various  functions  such  as  ion  pumping  and 
transmitter  release.  Finally,  we  see  that  the  synapse  is  sur- 
rounded by  processes  (fibers)  from  astrocytes.  In  Chapter 
7,  we  discuss  an  important  role  for  these  glial  cells  in  regu- 
lating transmission  by  amino  acid  transmitters. 

Other  types  of  synapses  are  also  present  in  the  brain.  For 
example,  axosomatic  synapses  are  synapses  between  a nerve 
terminal  and  a nerve  cell  body  (Figure  3.2B).  They  function 
in  a manner  similar  to  axodendritic  synapses.  Axoaxonic 
synapses  involve  one  axon  synapsing  on  the  terminal  of 
another  axon  (Figure  3.2C).  This  unusual  arrangement  per- 
mits the  presynaptic  cell  to  alter  neurotransmitter  release 
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(A)  Axodendritic  (B)  Axosomatic 


(C)  Axoaxonic 


Figure  3.2  The  three  types  of  synaptic 
connections  between  neurons 


from  the  postsynaptic  cell  directly  at  the  terminals.  For 
example,  activity  at  an  axoaxonic  synapse  may  reduce  trans- 
mitter release  from  the  terminal.  This  is  called  presynaptic 
inhibition  of  release.  Enhanced  release  of  transmitter,  on  the 
other  hand,  is  called  presynaptic  facilitation. 

In  neuronal  communication,  the  receiving  cell  may  be 
another  neuron,  but  it  may  also  be  a muscle  cell  or  a cell  spe- 
cialized to  release  a hormone  or  other  secretory  product.  The 
connection  point  between  a neuron  and  a muscle  is  called  a 
neuromuscular  junction  instead  of  a synapse.  A neuromus- 
cular junction  has  many  structural  and  functional  similari- 
ties to  a conventional  synapse,  and  much  has  been  learned 
about  synaptic  transmission  by  studying  neuromuscular 
junctions. 

Neurotransmitter  Synthesis,  Release, 
and  Inactivation 

As  previously  mentioned,  neurotransmitters  are  chemical 
substances  released  by  neurons  to  communicate  with  other 
cells.  Scientists  first  thought  that  only  a few  chemicals  were 
involved  in  neurotransmission,  but  well  over  100  chemicals 
have  now  been  identified.  As  there  are  many  thousands  of 
chemicals  present  in  any  cell,  how  do  we  know  whether  a 
particular  substance  qualifies  as  a neurotransmitter?  Verify- 
ing a chemicafs  status  as  a neurotransmitter  can  be  a diffi- 
cult process,  but  here  are  some  of  the  important  criteria: 

1.  The  presynaptic  cell  should  contain  the  proposed  sub- 
stance along  with  a mechanism  for  manufacturing  it. 

2.  A mechanism  for  inactivating  the  substance  should  also 
be  present. 


3.  The  substance  should  be  released  from  the  axon  termi- 
nal upon  stimulation  of  the  neuron. 

4.  There  should  be  receptors  for  the  proposed  substance  on 
the  postsynaptic  cell.  (Receptors  are  discussed  in  greater 
detail  later  in  the  chapter.) 

5.  Direct  application  of  the  proposed  substance  or  an  ago- 
nist drug  that  acts  on  its  receptors  should  have  the  same 
effect  on  the  postsynaptic  cell  as  stimulating  the  presy- 
naptic neuron  (which  presumably  would  release  the  sub- 
stance from  the  axon  terminals). 

6.  Applying  an  antagonist  drug  that  blocks  the  receptors 
should  inhibit  both  the  action  of  the  applied  substance 
and  the  effect  of  stimulating  the  presynaptic  neuron. 

Even  if  all  criteria  have  not  yet  been  met  for  a suspected  neuro- 
transmitter, there  is  often  sufficient  evidence  to  make  a 
strong  case  for  transmitter  candidacy. 

Neurotransmitters  encompass  several 
different  kinds  of  chemical  substances 

Despite  the  great  number  of  neurotransmitters,  most  of 
them  conveniently  fall  into  several  chemical  classes.  The 
major  types  of  transmitters  and  some  examples  of  each  are 
shown  in  Table  3.1.  A few  neurotransmitters  are  categorized 
as  amino  acids/  Amino  acids  serve  numerous  functions: 
they  are  the  individual  building  blocks  contained  within  pro- 
teins, they  also  play  other  metabolic  roles,  including  their 
role  as  neurotransmitters.  In  Chapter  7,  we  cover  the  two 
most  important  amino  acid  neurotransmitters,  glutamate 


* Amino  acids  are  so  named  because  they  contain  both  an  amino 
group  (-NH2)  and  a carboxyl  group  (-COOH),  the  latter  of  which 
gives  off  a hydrogen  ion  (H+)  and  thus  acts  like  an  acid. 
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TABLE  3.1  Major  Categories  of 
Neurotransmitters0 


Classical 

neurotransmitters 

Non-classical 

neurotransmitters 

Amino  acids 

Neuropeptides 

Glutamate 

Endorphins  and  enkephalins 

y-aminobutyric 

Corticotropin -releasing  factor 

acid  (GABA) 

(CRF) 

Glycine 

Many  others 

Monoamines 

Lipids 

Dopamine  (DA) 

Anandamide 

Norepinephrine  (NE) 

Gases 

Serotonin  (5-HT) 

Acetylcholine 

Nitric  oxide  (NO) 

aIt  should  be  noted  that  this  is  only  a small  sample  of  the  more  than  100 
substances  known  or  suspected  to  be  neurotransmitters  in  the  brain. 


and  y-aminobutyric  acid  (GABA).  Several  other  transmitters 
are  monoamines,  which  are  grouped  together  because  each 
possesses  a single  (hence  “mono”)  amine  group.  Monoamine 
transmitters  are  derived  from  amino  acids  by  a series  of  bio- 
chemical reactions  that  include  removal  of  the  acidic  part 
(-COOH)  of  the  molecule.  Consequently,  we  say  that  the 
original  amino  acid  is  a precursor  because  it  precedes  the 
amine  in  the  biochemical  pathway.  In  Chapters  5 and  6,  we 
discuss  the  best-characterized  monoamine  transmitters: 
dopamine  (DA),  norepinephrine  (NE),  and  serotonin  (5- 
HT).  One  important  neurotransmitter  that  is  neither  an 
amino  acid  nor  a monoamine  is  ACh  (see  Chapter  6). 
Together  with  acetylcholine,  the  amino  acid  and  monoamine 
neurotransmitters  are  sometimes  called  “classical”  transmit- 
ters because  they  were  generally  discovered  before  the  other 
categories. 

Besides  the  classical  transmitters,  there  are  several  other 
types  of  neurotransmitters.  The  largest  group  of  “non-clas- 
sical” neurotransmitters  are  the  neuropeptides,  whose  name 
simply  means  peptides  found  in  the  nervous  system.  Peptides 
are  small  proteins,  typically  made  up  of  3 to  40  amino  acids 
instead  of  the  100+  amino  acids  found  in  most  proteins. 
Neuropharmacologists  are  very  interested  in  the  family  of 
neuropeptides  called  endorphins  and  enkephalins,  which 
stimulate  the  same  opioid  receptors  that  are  activated  by 
heroin  and  other  abused  opiate  drugs  (see  Chapter  10). 
Another  important  neuropeptide  is  corticotropin-releasing 
factor  (CRF),  which  is  now  believed  to  play  a role  in  anxiety. 
A few  transmitters  are  considered  lipids,  which  is  the  scien- 
tific term  for  fatty  substances.  For  example,  in  Chapter  13  we 
discuss  a substance  called  anandamide,  a lipid  made  in  the 
brain  that  acts  like  marijuana  (or,  more  specifically,  A9- 
tetrahydrocannabinol  [THC],  which  is  the  major  active 


Figure  3.3  Axon  terminal  of  a neuron  that  synthesizes 
both  a classical  neurotransmitter  and  a neuropeptide 

The  small  vesicles  contain  only  the  classical  transmitter,  whereas 
the  large  vesicles  contain  the  neuropeptide  and  the  classical  neu- 
rotransmitter, which  are  stored  and  released  together. 

ingredient  in  marijuana).  Finally,  the  most  recently  discov- 
ered and  intriguing  group  of  neurotransmitters  are  the 
gaseous  transmitters.  Later  in  this  chapter  we  discuss  nitric 
oxide,  the  best  known  of  these  unusual  transmitters,  and  we 
will  see  that  these  substances  break  some  of  the  normal  rules 
followed  by  other  transmitter  molecules. 

When  scientists  first  discovered  the  existence  of  neuro- 
transmitters, it  was  natural  to  assume  that  each  neuron  only 
made  and  released  one  transmitter  substance,  suggesting  a 
simple  chemical  coding  of  cells  in  the  nervous  system.  Much 
research  over  the  past  20  years  has  shattered  that  initial 
assumption.  We  now  know  that  many  neurons  make  and 
release  two,  three,  or  occasionally  even  more,  different  trans- 
mitters. Some  instances  of  transmitter  coexistence  within  the 
same  cell  involve  one  or  more  neuropeptides  along  with  a 
classical  transmitter.  In  such  cases,  the  neuron  has  two  differ- 
ent types  of  synaptic  vesicles:  small  vesicles  that  contain  only 
the  classical  transmitter  and  large  vesicles  that  contain  the 
neuropeptide  along  with  the  classical  transmitter  (Figure  3.3). 

Classical  transmitters  and  neuropeptides  are 
synthesized  by  different  mechanisms 

How  and  where  in  the  nerve  cell  are  neurotransmitters  man- 
ufactured? Except  for  the  neuropeptides,  transmitters  are 
synthesized  by  enzymatic  reactions  that  can  occur  anywhere 
in  the  cell.  Typically,  the  enzymes  required  for  producing  a 
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sor  proteins,  which  are  packaged  into  large  vesicles  by  the 
Golgi  apparatus.  During  transport  from  the  cell  body  to  the 
axon  terminal,  enzymes  that  have  also  been  packaged  within 
the  vesicles  break  down  the  precursor  protein  to  liberate  the 
neuropeptide.  After  being  released  at  the  synapse  and  stimu- 
lating postsynaptic  receptors,  the  neuropeptide  is  inactivated 
by  degradative  enzymes. 


neurotransmitter  are  shipped  out  in  large  amounts  to  the 
axon  terminals,  so  the  terminals  are  an  important  site  of 
transmitter  synthesis.  The  neuropeptides  are  different,  how- 
ever. Their  precursors  are  protein  molecules,  within  which 
the  peptides  are  embedded.  The  protein  precursor  for  each 
type  of  peptide  must  be  made  in  the  cell  body,  which  is  the 
site  of  almost  all  protein  synthesis  in  the  neuron.  The  pro- 
tein is  then  packaged  into  large  vesicles  along  with  enzymes 
that  will  break  down  the  precursor  and  liberate  the  neu- 
ropeptide (Figure  3.4).  These  vesicles  are  transported  to  the 
axon  terminals  so  that  release  occurs  from  the  terminals,  as 
with  the  classical  transmitters.  On  the  other  hand,  new  neu- 
ropeptide molecules  can  only  be  generated  in  the  cell  body, 
not  in  the  terminals.  An  important  consequence  of  this  dif- 
ference is  that  replenishment  of  neuropeptides  is  slower  than 
for  small-molecule  transmitters.  When  neurotransmitters  are 
depleted  by  high  levels  of  neuronal  activity,  small  molecules 
can  be  resynthesized  rapidly  within  the  axon  terminal.  In 
contrast,  neuropeptides  cannot  be  replenished  until  large 
vesicles  containing  the  peptide  have  been  transported  to  the 
terminal  from  their  site  of  origin  within  the  cell  body. 

Chemicals  that  don't  act  like  typical  neurotrans- 
mitters are  sometimes  called  neuromodulators 

Some  investigators  use  the  term  neuromodulators  to 
describe  substances  that  don’t  act  exactly  like  typical  neuro- 
transmitters. For  example,  a neuromodulator  might  not  have 


a direct  effect  itself  on  the  postsynaptic  cell.  Instead,  it  might 
alter  the  action  of  a standard  neurotransmitter  by  enhanc- 
ing, reducing,  or  prolonging  the  transmitter’s  effectiveness. 
Peptides  that  are  co-released  with  a classical  transmitter 
sometimes  exhibit  this  kind  of  modulatory  effect.  Neuro- 
modulators are  also  sometimes  characterized  as  diffusing 
beyond  the  synapse  to  influence  cells  farther  away.  No  matter 
which  criteria  you  use,  though,  the  dividing  line  between 
neurotransmitters  and  neuromodulators  is  vague.  For  exam- 
ple, a particular  chemical  may  sometimes  act  within  the 
synapse,  but  in  other  circumstances  it  may  act  at  a distance 
from  its  site  of  release.  Therefore,  we  will  refrain  from  talking 
about  neuromodulators  and  instead  use  the  term  neuro- 
transmitter throughout  the  remainder  of  the  book. 

Neurotransmitter  release  involves  the 
exocytosis  and  recycling  of  synaptic  vesicles 

As  shown  in  Figure  3.5,  synaptic  transmission  involves  a 
number  of  processes  that  occur  within  the  axon  terminal  and 
the  postsynaptic  cell.  We  will  begin  our  discussion  of  these 
processes  with  a consideration  of  neurotransmitter  release 
from  the  terminal.  When  a neuron  fires  an  action  potential, 
the  depolarizing  current  sweeps  down  the  length  of  the  axon 
and  enters  all  of  the  axon  terminals.  This  wave  of  depolar- 
ization has  a very  important  effect  within  the  terminals:  it 
opens  large  numbers  of  voltage-sensitive  calcium  (Ca2+) 
channels,  causing  a rapid  influx  of  Ca2+  ions  into  the  termi- 
nals. The  resulting  increase  in  Ca2+  concentration  within  the 
terminals  is  the  direct  trigger  for  neurotransmitter  release. 

Exocytosis  You  already  know  that  the  neurotransmitter 
molecules  destined  to  be  released  are  stored  within  synaptic 
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Figure  3.5  Processes  involved  in  neurotransmission  at  a 
typical  synapse  using  a classical  neurotransmitter 


vesicles,  yet  these  molecules  must  somehow  make  their  way 
past  the  membrane  of  the  axon  terminal  and  into  the  synap- 
tic cleft.  This  occurs  through  a remarkable  process  known  as 


exocytosis.  Exocytosis  is  a fusion  of  the  vesicle  membrane 
with  the  membrane  of  the  axon  terminal,  which  exposes  the 
inside  of  the  vesicle  to  the  outside  of  the  cell.  In  this  way,  the 
vesicle  is  opened  and  its  transmitter  molecules  are  allowed  to 
diffuse  into  the  synaptic  cleft.  If  you  look  back  at  the  synapse 
shown  in  Figure  3.1,  you  can  see  that  some  vesicles  are  very 
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close  to  the  terminal  membrane,  whereas  others  are  farther 
away.  In  fact,  transmitter  release  doesn’t  occur  just  anywhere 
along  the  terminal,  but  only  at  specialized  regions  near  the 
postsynaptic  cell,  which  stain  darkly  in  the  electron  micro- 
graph. These  release  sites  are  called  active  zones.  For  exocy- 
tosis  to  take  place,  a vesicle  must  be  transported  to  an  active 
zone  by  a mechanism  that  isn’t  yet  fully  understood.  There, 
the  vesicle  must  “dock”  at  the  active  zone,  much  like  a boat 
docking  at  a pier.  This  docking  step  is  carried  out  by  a cluster 
of  proteins,  some  located  in  the  vesicle  membrane  and  others 
residing  in  the  membrane  of  the  axon  terminal.  Docking  is 
followed  by  a step  called  “priming,”  which  readies  the  vesicle 
for  exocytosis  once  it  receives  the  Ca2+  signal.  Indeed,  the 
Ca2+  channels  that  open  in  response  to  the  membrane  depo- 
larization are  concentrated  in  the  active  zones  near  the  sites 
of  vesicle  docking,  so  the  protein  machinery  is  exposed  to 
particularly  high  concentrations  of  Ca2+  when  the  channels 
open.  One  or  more  proteins  that  are  sensitive  to  Ca2+  then 
cause  the  vesicle  and  terminal  membranes  to  fuse,  which 
allows  the  vesicle  to  open  and  the  transmitter  to  be  released. 
This  process  is  illustrated  in  Figure  3.6. 


Discussing  the  various  proteins  involved  in  vesicle  dock- 
ing and  fusion  is  beyond  the  scope  of  this  book,  but  it’s  nev- 
ertheless interesting  to  briefly  consider  how  these  proteins 
have  been  discovered.  One  method  has  been  to  analyze  the 
effects  of  various  drugs  or  naturally  occurring  toxins  that 
affect  the  release  process.  For  example,  botulism  poisoning 
results  from  a bacterial  toxin  (botulinum  toxin)  that  blocks 
transmitter  release  at  neuromuscular  junctions,  thus  causing 
paralysis.  Researchers  have  found  that  this  blockade  of 
release  is  due  to  enzymes  within  the  toxin  that  attack  some 
of  the  proteins  that  are  required  for  the  exocytosis  process 
(see  also  Chapter  6).  Another  important  method  has  been  to 
use  genetic  mutants  of  the  fruit  fly  Drosophila  melanogaster ; 
Using  genetic  engineering  techniques,  researchers  knocked 
out  the  gene  for  a protein  they  suspected  was  important  for 
exocytosis.  The  fruit  fly  larvae  exhibited  no  transmitter 
release  at  the  neuromuscular  junction  when  their  motor 
nerves  were  stimulated;  consequently,  the  larvae  were  virtu- 
ally paralyzed  and  couldn’t  even  hatch  from  their  egg  cases 
(Deitcher  et  al.,  1998). 

Endocytosis  When  a synaptic  vesicle  fuses  with  the  axon 
terminal  to  release  its  transmitter  contents,  the  vesicle  mem- 
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brane  is  temporarily  added  to  the  membrane  of  the  terminal. 
If  this  process  were  never  reversed,  we  can  imagine  that  the 
terminal  membrane  would  grow  larger  and  larger  as  more  and 
more  vesicle  membrane  was  added  to  it.  In  reality,  a process 
called  endocytosis  quickly  retrieves  the  vesicle  membrane 
from  the  terminal  membrane.  New  vesicles  are  then  rapidly 
formed  and  refilled  with  neurotransmitter  molecules  so  that 
they  can  participate  again  in  transmitter  release.  This  continu- 
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Figure  3.6  The  life  cycle  of  the 
synaptic  vesicle  Small  vesicles  con- 
taining classical  neurotransmitters 
are  constantly  being  recycled  in  the 
axon  terminal.  New  vesicles  bud  off 
from  membranous  structures  called 
endosomes,  after  which  the  vesicles 
are  filled  with  neurotransmitter  mol- 
ecules. Mature  vesicles  then  undergo 
docking  and  priming, followed  by 
Ca2+-dependent  fusion  with  the 
axon  terminal  membrane,  which  per- 
mits release  of  the  vesicles' contents 
into  the  synaptic  cleft.The  vesicle 
membrane  is  rapidly  retrieved  by  a 
process  of  budding  from  the  termi- 
nal membrane,  endocytosis,  and 
merging  with  the  endosomes,  thus 
completing  the  cycle. 
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ou s release  and  re-formation  of  vesicles  is  termed  vesicle  recy- 
cling (see  Figure  3.6).  It  is  worth  noting  that  recycling  only 
occurs  with  the  small  vesicles  containing  classical  transmitters, 
but  not  with  the  larger  neuropeptide-containing  vesicles.  You’ll 
recall  that  neuropeptide  precursor  proteins  must  be  packaged 
into  the  large  vesicles  in  the  cell  body;  therefore,  recycling  of 
such  vesicles  cannot  occur  at  the  axon  terminal. 

Several  mechanisms  control  the  rate  of 
neurotransmitter  release  by  nerve  cells 

Neurotransmitter  release  is  regulated  by  several  different  mech- 
anisms. The  most  obvious  is  the  rate  of  cell  firing.  When  a neu- 
ron is  rapidly  firing  action  potentials,  it  will  release  much  more 
transmitter  than  when  it  is  firing  at  a slow  rate.  A second  factor 
is  the  probability  of  transmitter  release  from  the  terminal.  It 
might  seem  odd  that  an  action  potential  could  enter  a terminal 
and  open  Ca2+  channels  but  not  release  any  transmitter.  Yet 
many  studies  have  shown  that  synapses  in  different  parts  of  the 
brain  vary  widely  in  the  probability  that  even  a single  vesicle  will 
undergo  exocytosis  in  response  to  an  action  potential.  Estimat- 
ed probabilities  range  from  less  than  0.1  (10%)  to  0.9  (90%)  or 
greater  for  different  populations  of  synapses.  We  don’t  yet  know 
why  these  probabilities  can  vary  so  much,  but  it  is  clearly  an 
important  factor  in  the  regulation  of  neurotransmitter  release. 

A third  factor  in  the  rate  of  transmitter  release  is  the  pres- 
ence of  autoreceptors  on  axon  terminals  or  cell  bodies  and 


dendrites  (Figure  3.7).  An  autoreceptor  on  a particular  neu- 
ron is  a receptor  for  the  same  neurotransmitter  released  by 
that  neuron  (“auto-”  in  this  case  means  “self”).  Neurons  may 
possess  two  different  kinds  of  autoreceptors:  terminal 
autoreceptors  and  somatodendritic  autoreceptors.  Termi- 
nal autoreceptors  are  so  named  because  they  are  located  on 
axon  terminals.  When  they  are  activated  by  the  neurotrans- 
mitter, their  main  function  is  to  inhibit  further  transmitter 
release.  This  function  is  particularly  important  when  the  cell 
is  firing  rapidly  and  there  are  high  levels  of  neurotransmit- 
ter in  the  synaptic  cleft.  Think  of  the  thermostat  (“autore- 
ceptor”) in  your  house,  which  shuts  off  the  furnace  (“release 
mechanism”)  when  the  level  of  heat  (“neurotransmitter”) 
gets  too  high.  Somatodendritic  autoreceptors  are  also 
descriptively  named,  since  they  are  autoreceptors  found  on 
the  cell  body  (soma)  or  dendrites.  When  these  autoreceptors 
are  activated,  they  slow  the  rate  of  cell  firing,  which  ulti- 
mately causes  less  neurotransmitter  release,  as  fewer  action 
potentials  reach  the  axon  terminals  to  stimulate  exocytosis. 

Researchers  can  use  drugs  to  stimulate  or  block  specific 
autoreceptors,  thereby  influencing  the  release  of  a particular 
neurotransmitter  for  experimental  purposes.  For  example, 
administration  of  a low  dose  of  the  drug  apomorphine  to 
rats  or  mice  selectively  activates  the  terminal  autoreceptors 
for  DA.  This  results  in  less  DA  release,  an  overall  reduction 
in  dopaminergic  transmission,  and  reduced  locomotor  activ- 
ity in  the  animals.  A different  drug,  whose  name  is  abbrevi- 


Figure  3.7  Terminal  and  somatodendritic 
autoreceptors  Many  neurons  possess  autore- 
ceptors on  their  axon  terminals  and/or  on  their 
cell  bodies  and  dendrites.Terminal  autorecep- 
tors inhibit  neurotransmitter  release,  whereas 
somatodendritic  autoreceptors  reduce  the  rate 
of  cell  firing. 
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ated  8-OH-DPAT,  activates  the  somatodendritic  autorecep- 
tors for  5-HT  and  powerfully  inhibits  the  firing  of  seroton- 
ergic neurons.  The  behavioral  effects  of  8-OH-DPAT  admin- 
istration include  increased  appetite  and  altered  responses  on 
several  tasks  used  to  assess  anxiety. 

Finally,  you’ll  recall  from  our  earlier  discussion  that  in 
addition  to  autoreceptors,  axon  terminals  may  also  have 
receptors  for  other  transmitters  released  at  axoaxonal  synaps- 
es. Such  receptors  have  come  to  be  known  as  heterorecep- 
tors, to  distinguish  them  from  auto  receptors.  Heterorecep- 
tors also  differ  from  autoreceptors  in  that  they  may  either 
enhance  or  reduce Jthe  amount  of  transmitter  being  released 
from  the  axon  terminal. 

Neurotransmitters  are  inactivated  by  reuptake 
and  by  enzymatic  breakdown 

Any  mechanical  or  biological  process  that  can  be  turned  on 
also  must  have  a mechanism  for  termination  (imagine  the 
problem  you  would  have  with  a car  in  which  the  ignition 
could  not  be  turned  off  once  the  car  had  been  started).  Thus, 
it  is  necessary  to  terminate  the  synaptic  signal  produced  by 
each  instance  of  transmitter  release  so  that  the  postsynaptic 
cell  is  free  to  respond  to  the  next  release.  This  termination  is 
accomplished  by  removing  neurotransmitter  molecules  from 
the  synaptic  cleft.  How  is  this  done? 

Several  different  processes  responsible  for  neurotransmit- 
ter removal  are  shown  in  Figure  3.8.  One  mechanism  is  enzy- 
matic breakdown  within  or  near  the  synaptic  cleft.  This 
mechanism  is  very  important  for  the  classical  neurotrans- 
mitter ACh,  for  the  lipid  and  gaseous  transmitters,  and  also 
for  the  neuropeptide  transmitters.  An  alternative  mechanism 


is  for  the  neurotransmitter  to  be  removed  from  the  synaptic 
cleft  by  a transport  process  involving  specialized  proteins 
called  transporters  located  on  the  cell  membrane.  This 
mechanism  is  important  for  amino  acid  transmitters  like 
glutamate  and  GABA  and  also  for  amine  transmitters  such 
as  DA,  NE,  and  5-HT.  Transport  out  of  the  synaptic  cleft  is 
sometimes  accomplished  by  the  same  cell  that  released  the 
transmitter,  in  which  case  it  is  called  reuptake.  In  other  cases, 
the  transmitter  may  be  taken  up  either  by  the  postsynaptic 
cell  or  by  nearby  glial  cells  (specifically  astrocytes).  Some 
important  psychoactive  drugs  work  by  blocking  neurotrans- 
mitter transporters.  Cocaine,  for  example,  blocks  the  trans- 
porters for  DA,  5-HT,  and  NE.  Many  antidepressant  drugs 
block  the  5-HT  transporter,  the  NE  transporter,  or  both. 
Since  these  transporters  are  so  important  for  clearing  the 
neurotransmitter  from  the  synaptic  cleft,  it  follows  that  when 
the  transporters  are  blocked,  neurotransmitter  molecules 
remain  in  the  synaptic  cleft  for  a longer  period  of  time  and 
neurotransmission  is  enhanced  at  those  synapses. 

When  neurotransmitter  transporters  are  active,  some 
transmitter  molecules  removed  from  the  synaptic  cleft  are 
reused  by  being  packaged  into  recycled  vesicles.  However, 
other  transmitter  molecules  are  broken  down  by  enzymes 
present  within  the  cell.  Thus,  uptake  and  metabolic  break- 
down are  not  mutually  exclusive  processes.  Many  transmitter 
systems  use  both  mechanisms.  Finally,  it  is  important  to  keep 
in  mind  the  distinction  between  autoreceptors  and  trans- 
porters. Even  though  both  may  be  present  on  axon  terminals, 
they  serve  different  functions.  Terminal  autoreceptors  mod- 
ulate transmitter  release,  but  they  don’t  transport  the  neuro- 
transmitter. Transporters  take  up  the  transmitter  from  the 
synaptic  cleft,  but  they  are  not  autoreceptors. 


Figure  3.8  Neurotransmitter  inactivation 

Neurotransmitter  molecules  can  be  inactivat- 
ed by  (1)  enyzmatic  breakdown;  (2)  reuptake 
by  the  axon  terminal;  or  (3)  uptake  by  nearby 
glial  cells.  Cellular  uptake  is  mediated  by  spe- 
cific membrane  transporters  for  each  neuro- 
transmitter. 
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Section  Summary 

Synapses  are  specialized  structures  that  mediate  chemical 
communication  between  nerve  cells.  Synapses  can  be  classi- 
fied as  axodendritic,  axosomatic,  or  axoaxonic,  depending  on 
which  part  of  the  postsynaptic  cell  is  receiving  input  from 
the  presynaptic  axon  terminal.  Axodendritic  and  axosomatic 
synapses  affect  the  firing  of  the  postsynaptic  cell,  whereas 
axoaxonic  synapses  either  stimulate  or  inhibit  neurotrans- 
mitter release  from  terminals  of  the  postsynaptic  cell.  Con- 
nections between  neurons  and  muscle  cells  are  called  neuro- 
muscular junctions,  and  they  have  many  features  in  common 
with  ordinary  synapses. 

The  chemical  substances  released  at  synapses  and  neuro- 
muscular junctions  are  called  neurotransmitters.  The  initial 
criteria  for  determining  whether  a substance  qualifies  as  a 
neurotransmitter  include  ( 1 ) the  presence  of  the  substance 
in  axon  terminals,  along  with  a mechanism  for  synthesis  of 
the  substance;  (2)  the  presence  of  a mechanism  for  inactivat- 
ing the  substance;  (3)  release  of  the  substance  upon  nerve 
stimulation;  and  (4)  the  presence  of  appropriate  receptors  on 
the  postsynaptic  cell.  Pharmacologically,  (5)  application  of 
the  substance  or  an  agonist  drug  to  the  postsynaptic  cell 
should  mimic  the  effect  of  nerve  stimulation,  whereas  (6) 
applying  an  antagonist  drug  should  block  the  effects  of  both 
nerve  stimulation  and  the  substance  itself.  Most  neurotrans- 
mitters fall  into  one  of  several  broad  chemical  categories: 
amino  acid  transmitters,  monoamine  transmitters,  lipid 
transmitters,  neuropeptide  transmitters,  and  gaseous  trans- 
mitters. Acetylcholine  is  an  important  neurotransmitter  that 
doesn’t  fall  into  any  of  these  categories.  Many  instances  are 
known  where  two  or  more  different  neurotransmitters  are 
synthesized  and  released  from  the  same  neuron. 

Except  for  the  neuropeptides,  the  axon  terminals  are  the 
most  critical  site  for  the  synthesis  of  most  neurotransmitters. 
However,  neuropeptides  are  formed  from  large  precursor 
proteins  that  must  be  produced  in  the  cell  body  and  then 
transported  down  the  axon  to  the  terminals.  Most  neuro- 
transmitters, including  neuropeptides,  are  stored  in  synaptic 
vesicles.  Within  each  axon  terminal,  a few  vesicles  are  docked 
at  specialized  places  called  active  zones.  When  an  action 
potential  invades  the  terminal,  Ca2+  channels  open  in 
response  to  the  membrane  depolarization.  This  triggers  a 
process  known  as  exocytosis,  which  involves  fusion  of  the 
vesicle  membrane  with  the  terminal  membrane,  followed  by 
release  of  neurotransmitter  molecules  into  the  synaptic  cleft. 
The  vesicle  membrane  is  subsequently  removed  from  the 
axon  terminal  by  the  process  of  endocytosis,  and  new  vesi- 
cles are  generated.  This  continuous  process  of  vesicle  release 
and  re-formation  is  called  vesicle  recycling. 

Neurotransmitter  release  is  controlled  by  several  factors. 
First,  faster  firing  by  the  neuron  leads  to  increased  release. 
Second,  when  an  action  potential  reaches  the  axon  terminal, 


it  may  or  may  not  lead  to  vesicle  exocytosis.  The  probability 
of  release  varies  widely  at  different  synapses  throughout  the 
brain.  Third,  transmitter  release  can  be  inhibited  by  the 
action  of  auto  receptors  located  either  on  the  terminal  (called 
terminal  autoreceptors)  or  on  the  membrane  of  the  cell  body 
and  dendrites  (somatodendritic  autoreceptors). 

Finally,  there  are  several  mechanisms  for  terminating  the 
action  of  neurotransmitters.  One  mechanism  is  enzymatic 
breakdown,  which  is  important  for  ACh,  lipid  and  gaseous 
transmitters,  and  neuropeptides.  Another  mechanism,  which 
is  used  by  amino  acid  and  monoamine  transmitters,  is  trans- 
port out  of  the  synaptic  cleft  either  by  the  axon  terminal  that 
released  the  transmitter  (reuptake)  or  by  nearby  glial  cells. 
Even  when  reuptake  occurs,  however,  enzymatic  metabolism 
within  the  cell  is  still  needed  to  prevent  the  neurotransmitter 
from  building  up  to  excessive  levels. 

Neurotransmitter  Receptors  and 
Second-Messenger  Systems 

There  are  two  major  families  of 
neurotransmitter  receptors 

In  Chapter  1,  you  were  introduced  to  the  concept  of  a drug 
receptor.  Many  of  the  receptors  for  psychoactive  drugs  are 
actually  receptors  for  various  neurotransmitters.  For  this  rea- 
son, it  is  very  important  to  understand  the  characteristics  of 
neurotransmitter  receptors  and  how  they  function. 

Virtually  all  neurotransmitter  receptors  are  proteins,  and  in 
most  cases  these  proteins  are  located  on  the  plasma  membrane 
of  the  cell.  As  we  saw  earlier,  the  cell  possessing  the  receptor 
may  be  a neuron,  a muscle  cell,  or  a secretory  cell.  The  neuro- 
transmitter molecule  binds  to  a specific  site  on  the  receptor 
molecule,  which  activates  the  receptor  and  produces  a bio- 
chemical alteration  in  the  receiving  cell  that  may  affect  its 
excitability.  For  example,  postsynaptic  receptors  on  neurons 
usually  influence  the  likelihood  that  the  cell  will  generate  an 
action  potential.  The  effect  of  receptor  activation  may  either 
be  excitatory  (increasing  the  probability  of  an  action  poten- 
tial) or  inhibitory  (decreasing  the  probability  of  an  action 
potential),  depending  on  what  the  receptor  does  to  the  cell  (see 
following  sections).  Recall  that  if  a particular  drug  mimics  the 
action  of  the  neurotransmitter  in  activating  the  receptor,  we 
say  that  the  drug  is  an  agonist  at  that  receptor  (see  Chapter  1). 
If  a drug  blocks  or  inhibits  the  ability  of  the  neurotransmitter 
to  activate  the  receptor,  then  the  drug  is  called  an  antagonist. 

Two  key  concepts  are  necessary  for  understanding  neuro- 
transmitter receptors.  First,  almost  all  neurotransmitters  dis- 
covered so  far  have  more  than  one  kind  of  receptor.  Different 
varieties  of  receptors  for  the  same  transmitter  are  called 
receptor  subtypes  for  that  transmitter.  The  existence  of  sub- 
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TABLE  3.2  Comparison  of  Ionotropic  and  Metabotropic  Receptors 


Characteristics 

Ionotropic  receptors 

Metabotropic  receptors 

Structure 

4 or  5 subunits  that  assemble  in  the  cell 
membrane 

1 subunit 

Mechanism  of  action 

Contain  an  intrinsic  ion  channel  that 
opens  in  response  to  neurotransmitter 
or  drug  binding 

Activate  G proteins  in  response  to 
neurotransmitter  or  drug  binding 

Coupled  to  second  messengers? 

No 

Yes 

Speed  of  action 

Fast 

Slower 

types  adds  complexity  to  the  study  of  receptors,  making  the 
task  of  pharmacologists  (as  well  as  students!)  more  difficult. 
But  this  complexity  has  a positive  aspect:  If  you  can  design  a 
drug  that  stimulates  or  blocks  just  the  subtype  that  you’re 
interested  in,  you  may  be  able  to  treat  a disease  more  effec- 
tively and  with  fewer  side  effects.  That  is  one  of  the  central 
ideas  that  underlies  modern  drug  design  and  the  continuing 
search  for  new  pharmaceutical  agents. 

The  second  key  concept  is  that  most  neurotransmitter 
receptors  fall  into  two  broad  categories:  ionotropic  recep- 
tors and  metabotropic  receptors.  A particular  transmitter 
may  only  use  receptors  that  fit  one  or  the  other  of  these  gen- 


eral categories,  or  its  receptor  subtypes  may  fall  into  both 
categories.  As  shown  in  Table  3.2,  ionotropic  and 
metabotropic  receptors  differ  in  both  their  structure  and 
function,  so  we  will  discuss  them  separately. 

Ionotropic  receptors  Ionotropic  receptors  work  very  rap- 
idly, so  they  play  a critical  role  in  fast  neurotransmission 
within  the  nervous  system.  Each  ionotropic  receptor  is  made 
up  of  several  proteins  called  subunits,  which  come  together 
in  the  cell  membrane  to  form  the  complete  receptor.  Either 
four  or  five  subunits  are  needed,  depending  on  the  receptor’s 
overall  structure  (Figure  3.9A).  At  the  center  of  the  receptor 


Figure  3.9  Structure  and  function  of  ionotropic  receptors  brane.  (B)  Binding  of  the  neurotransmitter  to  the  receptor  triggers 

(A)  Each  receptor  complex  comprises  either  five  (as  shown)  or  channel  opening  and  the  flow  of  ions  across  the  membrane, 

four  protein  subunits  that  form  a channel  or  pore  in  the  cell  mem- 
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is  a channel  or  pore  through  which  ions  can  flow.  The  recep- 
tor also  possesses  one  or  more  binding  sites  for  the  neuro- 
transmitter. In  the  resting  state  with  no  neurotransmitter 
present,  the  receptor  channel  is  closed  and  no  ions  are  mov- 
ing. When  the  neurotransmitter  binds  to  the  receptor  and 
activates  it,  the  channel  immediately  opens  and  ions  flow 
across  the  cell  membrane  (Figure  3.9B).  When  the  neuro- 
transmitter molecule  leaves  (dissociates  from)  the  receptor, 
the  channel  quickly  closes.  Because  of  these  features,  a com- 
mon alternative  name  for  ionotropic  receptors  is  ligand- 
gated channel  receptors/ 

Some  ionotropic  receptor  channels  allow  sodium  (Na+) 
ions  to  flow  into  the  cell  from  the  extracellular  fluid.  Since 
these  ions  are  positively  charged,  the  cell  membrane  is  depo- 
larized, thereby  producing  an  excitatory  response  of  the  post- 
synaptic  cell.  The  best-known  example  of  this  kind  of  excita- 
tory ionotropic  receptor  is  the  nicotinic  receptor  for  ACh, 
which  we  discuss  further  in  Chapter  6.  A second  type  of 
ionotropic  receptor  channel  permits  the  flow  of  Ca2+  as  well 
as  Na+  ions  across  the  cell  membrane.  As  we  will  see  shortly, 
Ca2*  can  act  as  a second  messenger  to  trigger  many  bio- 
chemical processes  in  the  postsynaptic  cell.  One  important 
ionotropic  receptor  that  functions  in  this  way  is  the  N- 
methyl-D-aspartate  (NMDA)  receptor  for  the  neurotrans- 
mitter glutamate  (see  Chapter  7).  Finally,  a third  type  of 
receptor  channel  is  selective  for  chloride  (Cl~)  ions  to  flow 
into  the  cell.  These  ions  are  negatively  charged,  thus  leading 
to  a hyperpolarization  of  the  membrane  and  an  inhibitory 
response  of  the  postsynaptic  cell.  A good  example  of  this 
kind  of  inhibitory  ionotropic  receptor  is  the  GABAa  receptor 
(see  Chapter  7).  From  this  discussion,  you  can  see  that  the 
characteristics  of  the  ion  channel  controlled  by  an  ionotrop- 
ic receptor  are  the  key  factor  in  determining  whether  that 
receptor  excites  the  postsynaptic  cell,  inhibits  the  cell,  or  acti- 
vates a second-messenger  system. 

Metabotropic  receptors  Metabotropic  receptors  act  more 
slowly  than  ionotropic  receptors.  It  takes  longer  for  the  post- 
synaptic cell  to  respond,  but  the  response  is  also  somewhat 
more  long-lasting  than  in  the  case  of  ionotropic  receptors. 
Metabotropic  receptors  comprise  only  a single  protein  sub- 
unit, which  winds  its  way  back  and  forth  through  the  cell 
membrane  seven  times.  Using  the  terminology  of  cell  biolo- 
gy, we  say  that  these  receptors  have  seven  transmembrane 
domains;  in  fact,  they  are  sometimes  abbreviated  7-TM 
receptors  (Figure  3.10).  It  is  important  to  note  that 
metabotropic  receptors  do  not  possess  a channel  or  pore. 
How,  then,  do  these  receptors  work? 


*This  terminology  distinguishes  such  channels  from  voltage-gated 
channels,  which  are  controlled  by  the  voltage  across  the  cell  mem- 
brane rather  than  the  binding  of  a ligand  such  as  a neurotransmit- 
ter or  drug. 


Figure  3.10  Structure  of  metabotropic  receptors  Each 
receptor  comprises  a single  protein  subunit  with  seven  trans- 
membrane domains  (labeled  here  by  Roman  numerals). 


Metabotropic  receptors  work  by  activating  other  proteins 
in  the  cell  membrane  called  G proteins.  Consequently,  anoth- 
er name  for  this  receptor  family  is  G protein-coupled  recep- 
tors. There  are  many  different  kinds  of  G proteins,  and  how  a 
metabotropic  receptor  influences  the  postsynaptic  cell 
depends  on  which  G protein (s)  the  receptor  activates.  Howev- 
er, all  G proteins  operate  by  two  major  mechanisms.  One  is  by 
stimulating  or  inhibiting  the  opening  of  ion  channels  in  the 
cell  membrane  (Figure  3. 11  A).  Potassium  (K+)  channels,  for 
example,  are  stimulated  by  specific  G proteins  at  many  synaps- 
es. When  these  channels  open,  K+  ions  flow  out  of  the  cell,  the 
membrane  is  hyperpolarized,  and  consequently  the  cell  firing 
is  suppressed.  This  is  a common  mechanism  of  synaptic  inhi- 
bition used  by  various  receptors  for  ACh,  DA,  NE,  5-HT, 
GABA,  and  some  neuropeptides  like  the  endorphins.  Note  that 
the  K+  channels  controlled  by  G proteins  are  not  the  same  as 
the  voltage-gated  K+  channels  that  work  together  with  volt- 
age-gated Na+  channels  to  produce  action  potentials. 

The  second  mechanism  by  which  metabotropic  receptors 
and  G proteins  operate  is  by  stimulating  or  inhibiting  certain 
enzymes  in  the  cell  membrane  (Figure  3.1  IB).  These  enzymes 
are  sometimes  called  effector  enzymes  because  they  produce 
biochemical  and  physiological  effects  in  the  postsynaptic  cell. 
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Figure  3.1 1 Functions  of  metabotropic  receptors 

Metabotropic  receptors  activate  G proteins  in  the  membrane, 
which  may  either  (A)  alter  the  opening  of  a G protein-gated  ion 
channel  or  (B)  stimulate  an  effector  enzyme  that  either  synthe- 
sizes or  breaks  down  a second  messenger. 


Most  of  the  effector  enzymes  controlled  by  G proteins  are 
involved  in  either  the  synthesis  or  breakdown  of  small  mole- 
cules called  second  messengers.  Second  messengers  were  first 
discovered  in  the  1960s  and  later  found  to  play  an  important 
role  in  the  chemical  communication  processes  of  both  neu- 
rotransmitters and  hormones.  In  these  processes,  the  neuro- 
transmitter or  hormone  was  considered  to  be  the  “first  mes- 
senger,” and  the  “second  messenger”  within  the  receiving  cell 
(the  postsynaptic  cell,  in  the  case  of  a neurotransmitter)  then 
carried  out  the  biochemical  change  signaled  by  the  first  mes- 


senger. Putting  everything  together,  this  mechanism  of 
metabotropic  receptor  function  involves  ( 1 ) activation  of  a G 
protein,  followed  by  (2)  stimulation  or  inhibition  of  an  effec- 
tor enzyme  in  the  membrane  of  the  postsynaptic  cell,  fol- 
lowed by  (3)  increased  synthesis  or  breakdown  of  a second 
messenger,  followed  by  (4)  biochemical  or  physiological 
changes  in  the  postsynaptic  cell  due  to  the  altered  levels  of  the 
second  messenger  (see  Figure  3.1  IB).  This  sequence  of  events 
is  an  example  of  a biochemical  “cascade.” 


Second  messengers  work  by  activating 
specific  protein  kinases  in  a cell 

Second-messenger  systems  are  too  complex  to  be  completely 
covered  in  this  text.  We  will  therefore  highlight  a few  of  the 
most  important  systems  and  how  they  alter  cellular  function. 
One  of  the  key  ways  in  which  second  messengers  work  is  by 
activating  enzymes  called  protein  kinases  (Figure  3.12). 
Kinases  are  enzymes  that  phosphorylate  another  molecule; 
that  is,  they  catalyze  the  addition  of  one  or  more  phosphate 
groups  ( — P042-)  to  the  molecule.  As  the  name  suggests,  a 
protein  kinase  phosphorylates  a protein.  The  substrate  protein 
might  be  an  ion  channel,  an  enzyme  involved  in  neurotrans- 
mitter synthesis,  a neurotransmitter  receptor  or  transporter,  a 
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Figure  3.1 2 The  mechanism  of  action  of  second  messen- 
gers Second  messengers  work  by  activating  protein  kinases  to 
cause  phosphorylation  of  substrate  proteins  within  the  postsy- 
naptic cell. 
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structural  protein,  or  almost  any  other  kind  of  protein.  The 
phosphate  group(s)  added  by  the  kinase  then  alters  the  func- 
tioning of  the  protein  in  some  way.  For  example,  an  ion  chan- 
nel might  open,  a neurotransmitter-synthesizing  enzyme 
might  be  activated,  a receptor  might  become  more  sensitive  to 
the  neurotransmitter,  and  so  forth.  Furthermore,  kinases  can 
phosphorylate  proteins  in  the  cell  nucleus  that  turn  on  or  turn 
off  specific  genes  in  that  cell.  You  can  see  that  protein  kinases 
activated  by  second  messengers  are  capable  of  producing 
widespread  and  profound  changes  in  the  postsynaptic  cell, 
even  including  long-lasting  changes  in  gene  expression. 

Now  let  us  consider  a few  specific  second  messengers  and 
their  protein  kinases.  The  first  second  messenger  to  be  dis- 
covered was  cyclic  adenosine  monophosphate  (cAMP).  Lev- 
els of  cAMP  are  controlled  by  receptors  for  a number  of  dif- 
ferent neurotransmitters,  including  DA,  NE,  5-HT,  and 
endorphins.  Cyclic  AMP  stimulates  a protein  kinase  called 
protein  kinase  A (PKA).  A related  second  messenger  is  cyclic 
guanosine  monophosphate  (cGMP).  One  of  the  key  regu- 
lators of  cGMP  is  the  novel  gaseous  messenger  nitric  oxide 
(Box  3.1).  Cyclic  GMP  has  its  own  kinase  known  as  protein 
kinase  G (PKG).  A third  second-messenger  system  is  some- 
times termed  the  phosphoinositide  second-messenger  sys- 
tem. This  complex  system  has  several  different  effects, 
including  activation  of  protein  kinase  C (PKC)  and  eleva- 
tion of  the  level  of  Ca2+  ions  within  the  postsynaptic  cell.  The 
phosphoinositide  system  is  controlled  by  receptors  for  sev- 
eral neurotransmitters,  including  ACh,  NE,  and  5-HT.  Final- 
ly, Ca2+  itself  is  a second  messenger.  Calcium  levels  in  the  cell 
can  be  increased  by  a number  of  different  mechanisms, 
including  the  phosphoinositide  second-messenger  system, 
voltage-sensitive  Ca2+  channels,  and,  as  mentioned  earlier, 
certain  ionotropic  receptors  like  the  NMDA  receptor.  The 
protein  kinase  activated  by  Ca2+  requires  the  participation  of 
an  additional  protein  known  as  calmodulin.  Hence,  it  is 
called  calcium/calmodulin  kinase  (CaMK).  Ca2+  also  helps 
to  activate  PKC.  Table  3.3  summarizes  these  second-messen- 
ger systems  and  their  associated  protein  kinases. 

Tyrosine  kinase  receptors  mediate  the  effects  of 
neurotrophic  factors 

There  is  one  more  family  of  receptors  that  you  need  to  learn 
about,  the  tyrosine  kinase  receptors.  These  receptors  medi- 
ate the  action  of  neurotrophic  factors,  proteins  that  stimu- 
late the  survival  and  growth  of  neurons  during  early  devel- 
opment and  are  also  involved  in  neuronal  signaling.  Nerve 
growth  factor  (NGF)  was  the  first  neurotrophic  factor  to  be 
discovered,  but  there  are  now  known  to  be  many  others, 
including  brain-derived  neurotrophic  factor  (BDNF),  neu- 
rotrophin-3  (NT-3),  and  NT-4. 

Three  specific  tyrosine  kinase  receptors  are  used  by  these 
neurotrophic  factors:  trkA  (pronounced  “track  A”)  for  NGF, 


TABLE  3.3  Second-Messenger  Systems  and 
Protein  Kinases 


Second-messenger 

system 

Associated  protein 
kinase 

Cyclic  AMP  (cAMP) 

Protein  kinase  A (PKA) 

Cyclic  GMP  (cGMP) 

Protein  kinase  G (PKG) 

Phosphoinositide 

Protein  kinase  C (PKC) 

Calcium  (Ca2+) 

Calcium/ calmodulin 
kinase  (CaMK) 

trkB  for  BDNF  and  NT-4,  and  trkC  for  NT-3.  The  trk  recep- 
tors are  activated  through  the  following  mechanism.  After 
the  neurotrophic  factor  binds  to  its  receptor,  two  of  these 
complexes  come  together  in  the  cell  membrane,  a process 
that  is  necessary  for  receptor  activation  (Figure  3.13).  When 
the  two  trk  receptors  are  activated,  they  phosphorylate  each 
other  on  tyrosine  residues*  (hence  the  “tyrosine  kinase 
receptor”)  located  within  the  cytoplasmic  region  of  each 
receptor.  This  process  then  triggers  a complex  sequence 
involving  additional  protein  kinases,  including  some  that  dif- 

* Proteins  are  long  chains  of  amino  acids.  When  amino  acids  are 
strung  together  in  the  synthesis  of  a protein,  each  adjacent  pair  of 
amino  acids  loses  a water  molecule  (an  H from  one  amino  acid 
and  an  OH  from  the  other).  What  remain  are  called  “amino  acid 
residues.”  Each  residue  is  named  for  the  specific  amino  acid  it  was 
derived  from;  in  this  case  it  is  tyrosine. 


Neurotrophic 


Activation  of  other 
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Figure  3.13  Activation  of  trk  receptors  Neurotrophic  fac- 
tors stimulate  trk  receptors  by  bringing  two  receptor  molecules 
into  close  proximity  in  the  cell  membrane,  which  then  leads  to 
reciprocal  phosphorylation  of  tyrosine  residues  and  activation 
of  other  protein  kinases. 


Chemical  Signaling  by  Neurotransmitters  and  Hormones 


77 


BOX  3.1 


Just  Say  NO 


A few  neurotransmitters  don't  follow 
the  rules  outlined  in  this  chapter.The 
most  striking  of  these  are  two  small 
molecules  that  are  gases  at  room 
temperature:  nitric  oxide  (NO)  and 
carbon  monoxide  (CO).  Yes,  there  is 
good  evidence  that  the  potentially 
deadly  CO  found  in  automobile 
exhaust  and  poorly  ventilated  fur- 
naces is  actually  a signaling  molecule 
in  the  brain.  But  we  know  much 
more  about  the  workings  of  NO,  so 
that  will  be  the  main  focus  of  this 
discussion. 

Nitric  oxide  is  produced  from  the 
amino  acid  arginine  in  a simple  bio- 
chemical reaction  catalyzed  by  the 
enzyme  nitric  oxide  synthase  (NOS). 
There  are  several  forms  of  NOS,  one 
of  which  is  found  primarily  in  neu- 
rons and  another  that  is  present  in 
endothelial  cells  (the  cells  that  com- 
prise the  walls  of  blood  vessels). The 
enzyme  NOS,  and  therefore  NO  for- 
mation, is  stimulated  by  increases  in 
Ca2+  within  the  cell. The  physiological 
role  of  NO  has  often  been  investigat- 
ed using  drugs  that  block  NO  synthe- 
sis by  inhibiting  NOS. Two  such 
drugs  are  7-nitroindazole  (7-NI)  and 
/V-nitro-L-arginine  methyl  ester 
(l-N AME).  After  its  release,  NO  is  even- 
tually inactivated  by  chemically  react- 
ing with  oxygen  (02)  to  yield  N02  or 
N03. 

There  are  several  reasons  why  we 
say  that  NO  breaks  the  normal  rules 
fora  neurotransmitter.  First,  as  a gas,  it 
readily  passes  through  membranes. 
Thus  it  cannot  be  stored  in  synaptic 
vesicles  like  most  transmitter  sub- 
stances. So  nerve  cells  must  make  NO 
on  demand  when  it  is  needed.  Second, 
since  NO  is  not  in  vesicles,  it  is  not 
released  by  exocytosis  but  simply  dif- 
fuses out  of  the  nerve  cell  through  the 
cell  membrane.Third,once  it  reaches 
the  extracellular  fluid,  NO  is  not  con- 


fined to  the  synapse  but  may  travel 
some  distance  until  it  reaches  target 
cells.  Finally,  in  many  cases  NO  is 
released  by  the  postsynaptic  rather 
than  the  presynaptic  cell  in  the 
synapse.  You'll  recall  that  some  neuro- 
transmitter receptors  can  increase 


Ca2+  levels  within  the  postsynaptic 
cell. This  may  occur  either  through  an 
ionotropic  receptor  such  as  the  NMDA 
receptor  or  through  a metabotropic 
receptor  like  certain  of  the  receptors 
for  ACh.  If  NOS  is  present  and  is  acti- 
vated by  this  rise  in  Ca2+,then  NO  will 

(continued  on  next  page) 


(A)  Classical  synaptic 
signaling 


(B)  Signaling  by  nitric  oxide 
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BOX  3.1  (continued) 

be  produced  by  the  postsynaptic  cell, 
pass  through  the  cell  membrane,  and 
travel  to  neighboring  cells.  One  of  the 
affected  cells  may  even  be  the  presy- 
naptic  cell,  thus  giving  us  an  instance 
of  neural  transmission  in  reverse! 

Some  of  these  features  of  NO  signal- 
ing, and  how  they  differ  from  the  fea- 
tures of  more  typical  synaptic  signal- 
ing, are  shown  in  Figure  A. 

The  discovery  of  NO  came  about 
unexpectedly  from  the  study  of 
smooth  muscle  cells  that  surround 
the  walls  of  arteries  and  that  regulate 
the  rate  of  arterial  blood  flow.  A num- 
ber of  chemical  substances,  including 
the  neurotransmitter  ACh,  were 
known  to  relax  these  smooth  muscle 
cells,  thus  causing  vasodilation 
(widening  of  the  blood  vessels)  and 
increased  blood  flow.  However,  the 
mechanism  by  which  this  occurred 
was  unclear  until  the  early  1980s, 
when  researchers  showed  that 
endothelial  cells  were  necessary  for 
the  relaxant  effect  of  ACh  on  the  mus- 
cle. In  addition,  they  showed  that  ACh 
stimulated  the  endothelial  cells  (by 
increasing  intracellular  Ca2+  levels)  to 
produce  a chemical  factor  that  trav- 
eled to  the  nearby  muscle  cells  and 
caused  them  to  relax.This  chemical 
factor  was  subsequently  shown  to  be 
NO.  One  of  the  major  mechanisms  by 


which  NO  acts  on  its  target  cells  is  to 
activate  an  enzyme  that  synthesizes 
the  second  messenger  cGMP.  In 
smooth  muscle,  it  is  the  rise  in  cGMP 
within  the  cells  that  leads  to  the  relax- 
ation response  and  the  resulting  dila- 
tion of  the  arteries. 

Since  the  discovery  of  the  relation- 
ship between  NO  and  cGMP,  this  sys- 
tem has  been  the  subject  of  many 
studies.One  valuable  outcome  of  this 
research  concerns  the  effects  of  these 
agents  on  blood  flow  to  the  penis.  An 
erection  occurs  when  the  penis  is 
engorged  with  blood,  which  requires 
relaxation  of  the  smooth  muscles  sur- 
rounding the  penile  arteries.  As  we 
have  seen,  smooth  muscle  relaxation 
is  induced  by  cGMP.  In  turn,  the 
amount  of  cGMP  in  the  muscle  cells 
depends  on  the  rates  of  both  its  syn- 
thesis (due  to  NO)  and  breakdown. 
Cyclic  GMP  breakdown  is  catalyzed  by 
the  enzyme  cGMP  phosphodi- 
esterase. A drug  called  sildenafil 
inhibits  cGMP  phosphodiesterase  in 
the  penis,  thereby  elevating  cGMP 
levels  and  facilitating  the  erection. 
This  compound,  which  is  better 
known  by  its  trade  name  Viagra,  has 
helped  many  men  overcome  prob- 
lems with  erectile  dysfunction. 

Of  course,  the  development  of  Via- 
gra is  not  the  only  reason  that  phar- 


macologists are  interested  in  NO. This 
messenger  substance  has  also  been 
implicated  in  the  behavioral  changes 
that  occur  in  animals  following 
repeated  treatment  with  abused 
drugs.  When  rats  or  mice  are  chroni- 
cally administered  opioid  drugs  such 
as  morphine,  they  develop  a charac- 
teristic tolerance  and  physical 
dependence.These  effects  can  be 
reduced  by  treatment  of  the  animals 
with  the  NOS  inhibitor  l-NAME 
(Dambisya  and  Lee,  1 996;  Leza  et  al., 

1 996).  If  animals  are  injected  once  a 
day  with  cocaine,  on  the  other  hand, 
they  show  sensitization  (the  opposite 
of  tolerance;  see  Chapter  1)  to  the 
behaviorally  stimulating  effects  of  the 
drug.  Cocaine  sensitization  is  likewise 
blocked  both  in  genetically  engi- 
neered mice  that  lack  NOS  (Itzhak  et 
al.,  1 998)  and  in  mice  treated  with  the 
NOS  inhibitor  7-NI  (Itzhak,  1 997).  As 
tolerance,  dependence,  and  sensitiza- 
tion have  all  been  related  to  the 
addictive  properties  of  abused  drugs, 
it  is  possible  that  medications 
designed  to  alter  NO  levels  may  even- 
tually be  developed  to  help  treat  drug 
addicts.  In  addition,  NOS  inhibitors 
may  have  the  additional  therapeutic 
use  of  minimizing  the  development 
of  tolerance  in  patients  taking  opiates 
for  relief  of  chronic  pain. 


fer  from  those  described  in  the  previous  section.  Tyrosine 
kinase  receptors  and  the  neurotrophic  factors  they  serve  gen- 
erally participate  more  in  regulating  long-term  changes  in 
gene  expression  and  neuronal  functioning  than  in  rapid 
synaptic  events  that  determine  the  rate  of  cell  firing. 

Pharmacology  of  Synaptic  Transmission 

Drugs  can  either  enhance  or  interfere  with  virtually  all 
aspects  of  synaptic  transmission.  Synaptic  effects  form  the 
basis  of  almost  all  of  the  actions  of  psychoactive  drugs, 
including  drugs  of  abuse  as  well  as  those  prescribed  for  the 
treatment  of  serious  mental  disorders  such  as  depression  and 
schizophrenia.  Figure  3.14  illustrates  the  major  ways  in 
which  such  drugs  can  alter  the  neurotransmission  process. 


Drugs  may  either  increase  or  decrease  the  rate  of  trans- 
mitter synthesis.  If  the  drug  is  a chemical  precursor  to  the 
transmitter,  then  the  rate  of  transmitter  formation  may  be 
increased.  Two  examples  of  this  approach  involve  L-dihy- 
droxyphenylalanine  (l-DOPA),  which  is  the  precursor  to 
DA,  and  5-hydroxytryptophan  (5-HTP),  which  is  the  pre- 
cursor to  5-HT.  Because  patients  suffering  from  Parkin- 
sons disease  are  deficient  in  DA,  the  primary  treatment  for 
this  neurological  disorder  is  l-DOPA  (see  Chapter  5 for 
more  information).  Alternatively,  a drug  decreases  levels  of 
a neurotransmitter  by  inhibiting  a key  enzyme  needed  for 
transmitter  synthesis.  Alpha-methyl-para-tyrosine  inhibits 
the  enzyme  tyrosine  hydroxylase,  which  helps  manufacture 
both  DA  and  NE,  whereas  para-chlorophenylalanine 
inhibits  the  5-HT-synthesizing  enzyme  tryptophan 
hydroxylase. 
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Figure  3.14  Summary  of  the  mechanisms  by  which  drugs  can  alter  synaptic 
transmission  NT  = neurotransmitter;  + denotes  a mechanism  that  stimulates  or  facili- 
tates transmission;-  denotes  a process  that  inhibits  transmission. 


Besides  administering  a precursor  substance,  you  can  also 
enhance  the  action  of  a neurotransmitter  by  reducing  its 
inactivation.  This  can  be  accomplished  in  two  ways.  First, 
levels  of  the  transmitter  can  be  increased  by  blocking  the 
enzyme  involved  in  its  breakdown.  Physostigmine  blocks  the 
enzyme  acetylcholinesterase,  which  breaks  down  ACh, 
whereas  phenelzine  blocks  monoamine  oxidase  (MAO),  an 
enzyme  that  is  important  in  the  breakdown  of  DA,  NE,  and 
5-HT.  As  we  will  see  in  Chapter  16,  phenelzine  and  other 
MAO-inhibiting  drugs  are  sometimes  used  to  treat  patients 
with  depression.  For  neurotransmitters  that  use  transporters 
for  reuptake  out  of  the  synaptic  cleft,  a second  way  to  reduce 
neurotransmitter  inactivation  is  to  block  those  transporters. 
This  increases  the  amount  and  prolongs  the  presence  of  the 
transmitter  in  the  synaptic  cleft,  thereby  enhancing  its  effects 
on  the  postsynaptic  cell.  As  described  previously,  cocaine 
blocks  the  transporters  for  DA,  NE,  and  5-HT,  and  drugs  that 
more  selectively  prevent  reuptake  of  5-HT  are  commonly 
used  as  antidepressant  medications  (see  Chapters  1 1 and  16). 

Other  drugs  affect  neurotransmitter  storage  or  release. 
For  example,  reserpine  blocks  the  storage  of  DA,  NE,  and  5- 
HT  in  synaptic  vesicles.  Reserpine  treatment  initially  causes 
a burst  of  neurotransmitter  release  as  the  vesicles  empty  out, 


but  this  is  followed  by  a period  of  extremely  low  transmitter 
levels,  because  storage  in  vesicles  is  necessary  to  prevent 
breakdown  of  transmitter  molecules  by  enzymes  present  in 
the  axon  terminal.  Amphetamine  stimulates  the  release  of 
DA  and  NE  from  the  cytoplasm  of  the  axon  terminal, 
whereas  a related  substance  called  fenfluramine  produces 
the  same  effect  on  5-HT.  These  releasing  agents  work  by 
reversing  the  effect  of  the  neurotransmitter  transporters. 
That  is,  instead  of  the  transporters  taking  up  transmitter 
molecules  into  the  neuron  from  the  synaptic  cleft,  they  work 
in  the  reverse  direction  to  carry  the  transmitter  out  of  the 
neuron  and  into  the  synaptic  cleft.  As  we  saw  earlier,  some 
drugs  alter  neurotransmitter  release  in  a different  way,  by 
stimulating  or  inhibiting  autoreceptors  that  control  the 
release  process.  Clonidine  and  8-OH-DPAT  stimulate 
autoreceptors  for  NE  and  5-HT,  respectively.  In  both  cases, 
such  stimulation  reduces  release  of  the  related  transmitter. 
Autoreceptor  inhibition  can  be  produced  by  yohimbine  in 
the  case  of  NE  and  pindolol  in  the  case  of  5-HT.  Not  sur- 
prisingly, administration  of  these  compounds  increases 
transmitter  release. 

One  final  mechanism  of  action  can  be  seen  in  drugs  that 
act  on  postsynaptic  receptors  for  a specific  neurotransmitter. 
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If  the  drug  is  an  agonist  for  a particular  receptor  subtype,  it 
will  mimic  the  effect  of  the  neurotransmitter  on  that  recep- 
tor. If  the  drug  is  a receptor  antagonist,  it  will  inhibit  the  effect 
of  the  transmitter  on  the  receptor.  Many  psychoactive  drugs, 
both  therapeutic  and  recreational,  are  receptor  agonists. 
Examples  include  benzodiazepines,  which  are  agonists  at  ben- 
zodiazepine receptors  and  are  used  clinically  as  sedative  and 
anti- anxiety  drugs  (see  Chapter  17);  opiates  like  heroin  and 
morphine,  which  are  agonists  at  opioid  receptors  (see  Chap- 
ter 10);  nicotine,  which  is  an  agonist  at  the  nicotinic  receptor 
subtype  for  ACh  (see  Chapter  6);  and  THC,  which  is  an  ago- 
nist at  cannabinoid  receptors  (see  Chapter  13).  Receptor 
antagonists  are  likewise  important  in  pharmacology.  Most 
drugs  used  to  treat  schizophrenic  patients  are  antagonists  at 
the  D2  receptor  subtype  for  DA  (see  Chapter  18),  while  the 
widely  ingested  substance  caffeine  is  an  antagonist  at  recep- 
tors for  the  neurotransmitter  adenosine  (see  Chapter  12). 

Section  Summary 

Multiple  receptor  subtypes  exist  for  almost  all  neurotransmit- 
ters. Despite  this  diversity,  neurotransmitter  receptors  can  be 
categorized  as  either  ionotropic  or  metabotropic.  Ionotropic 
receptors  comprise  multiple  protein  subunits  that  form  an 
intrinsic  ion  channel  in  the  center  of  the  receptor  complex. 
They  are  permeable  either  to  cations  such  as  Na+  or  Ca2+,  or 
anions  such  as  CD.  Ionotropic  receptors  mediate  fast  excitato- 
ry and  inhibitory  neurotransmission,  particularly  involving 
amino  acid  transmitters  like  glutamate  and  GABA. 
Metabotropic  receptors  are  each  composed  of  only  a single 
subunit.  They  function  by  coupling  to  G proteins  in  the  mem- 
brane, which  in  turn  regulate  ion  (for  example,  K+)  channel 
opening  and  also  stimulate  or  inhibit  effector  enzymes 
involved  in  the  synthesis  or  breakdown  of  second-messenger 
molecules.  Metabotropic  signaling  is  slower  but  longer-lasting 
than  signaling  via  ionotropic  receptors. 

Second  messengers  typically  work  by 
activating  specific  protein  kinases,  enzymes 
that  alter  the  functioning  of  other  proteins 
by  catalyzing  the  addition  of  one  or  more 
phosphate  groups.  Some  key  second-mes- 
senger systems  involved  in  neurotransmis- 
sion are  the  cAMP,  cGMP,  and  phospho- 
inositide  systems.  These  second  messengers 
activate  protein  kinase  A,  protein  kinase  G, 
and  protein  kinase  C,  respectively.  An  addi- 
tional component  of  the  cGMP  system  is  the 
novel  gaseous  messenger  nitric  oxide,  which 
stimulates  cGMP  formation.  Besides  the 
substances  already  mentioned,  Ca2+  can 
function  as  a second  messenger  and  can  acti- 
vate calcium/calmodulin  kinase. 


Other  receptors,  called  tyrosine  kinase  receptors,  mediate 
signaling  by  neurotrophic  factors  such  as  NGF,  BDNF,  NT- 
3,  and  NT-4.  Each  neurotrophic  factor  molecule  binds  to  two 
receptors  in  the  cell  membrane,  thereby  triggering  recipro- 
cal phosphorylation  of  tyrosine  residues  followed  by  a fur- 
ther signaling  cascade.  Neurotrophic  factors  generally  regu- 
late long-term  changes  in  gene  expression  involved  in 
neuronal  survival,  growth,  and  maintenance. 

Psychoactive  drugs  exert  their  subjective  and  behavioral 
effects  almost  entirely  by  modifying  one  or  more  aspects  of 
synaptic  transmission.  Drugs  may  increase  or  decrease  the 
rate  of  transmitter  synthesis,  or  they  may  reduce  transmitter 
inactivation  by  inhibiting  enzymatic  breakdown  or  blocking 
reuptake.  Other  modes  of  drug  action  involve  blockade  of 
vesicular  neurotransmitter  storage,  stimulation  of  transmit- 
ter release,  or  activation  or  inhibition  of  neurotransmitter 
autoreceptors.  Finally,  a key  mechanism  of  action  of  many 
psychoactive  drugs  is  direct  stimulation  (agonists)  or  block- 
ade (antagonists)  of  neurotransmitter  receptors. 

The  Endocrine  System 

As  we  have  seen,  neurotransmitters  normally  travel  only  a 
tiny  distance  before  reaching  their  target  at  the  other  side  of 
the  synaptic  cleft  or  sometimes  a little  farther  away.  Another 
method  of  cellular  communication,  however,  involves  the 
release  of  chemical  substances  called  hormones  into  the 
bloodstream.  Hormones  are  secreted  by  specialized  organs 
called  endocrine  glands.  Upon  reaching  the  circulation,  hor- 
mones can  travel  long  distances  before  reaching  target  cells 
anywhere  in  the  body.  To  respond  to  a given  hormone,  a tar- 
get cell  must  possess  specific  receptors  for  that  hormone,  just 
as  a postsynaptic  cell  must  to  respond  to  a neurotransmitter. 
Moreover,  sometimes  the  same  substances  (for  example,  nor- 
epinephrine and  epinephrine)  are  used  both  as  neurotrans- 
mitters within  the  brain  and  as  hormones  within  the 

Endocrine 


Synaptic 


Figure  3.15  Comparison  of  synaptic  versus  endocrine  communication 
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Figure  3.16  Major  endocrine  glands  and  their 
location  in  the  body 
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endocrine  system.  Thus,  synaptic  and  endocrine  communi- 
cation are  similar  in  many  respects,  though  they  differ  in  the 
proximity  of  the  cells  involved  and  the  anatomic  features  of 
synapses  that  were  described  earlier  (Figure  3.15). 

Endocrine  glands  can  secrete  multiple  hormones 

As  shown  in  Figure  3.16,  a number  of  endocrine  glands  are 
located  throughout  the  body.  Some  of  these  glands  secrete 
more  than  one  type  of  hormone.  WeTl  now  give  a brief 
description  of  each  gland  and  its  associated  hormone(s), 
including  the  chemical  classification  and  functions  of  that 
hormone. 

The  adrenal  glands  lie  over  each  kidney.  The  adrenals  are 
actually  two  separate  glands  that  have  come  together  during 
embryonic  development  (Figure  3.17).  The  inner  part  of  the 
gland,  which  is  called  the  adrenal  medulla,  is  derived  from 
nervous  system  tissue.  Like  a sympathetic  ganglion,  it 
receives  input  from  the  preganglionic  fibers  of  the  sympa- 
thetic nervous  system  (see  Chapter  2).  Cells  of  the  adrenal 
medulla,  which  are  called  chromaffin  cells,  secrete  the  hor- 
mones epinephrine  (EPI)  and  norepinephrine  (NE),  both 
of  which  are  monoamines.  Physical  or  psychological  stres- 
sors stimulate  the  release  of  EPI  and  NE  as  part  of  the  classic 
“fight-or-flight”  response.  Once  in  the  bloodstream,  these 
hormones  mobilize  glucose  (sugar)  from  the  liver  to  provide 
immediate  energy,  and  they  also  divert  blood  from  the  inter- 
nal organs  (e.g.,  the  organs  of  digestion)  to  the  muscles  in 
case  physical  action  is  needed.  Some  of  their  effects  con- 


tribute to  the  physical  sensations  that  we  experience  when 
we’re  highly  aroused  or  stressed  (e.g.,  racing  heart  and  cold, 
clammy  hands). 

The  outer  part  of  the  adrenal  gland,  the  adrenal  cortex, 
secretes  hormones  called  glucocorticoids.  Which  glucocor- 
ticoid is  present  depends  on  the  species:  humans  and  other 
primates  make  cortisol  (sometimes  called  hydrocortisone), 
whereas  rats  and  mice  make  corticosterone.  Glucocorticoids 
belong  to  a class  of  molecules  known  as  steroids,  all  of  which 
are  derived  from  the  precursor  cholesterol.  One  of  the  main 
functions  of  glucocorticoids  is  to  maintain  normal  blood 
glucose  levels  and  to  help  store  excess  glucose  for  future  use. 


Preganglionic 
sympathetic  nerve 
fibers 


Figure  3.1 7 Structure  of  the  adrenal  gland,  showing  the 
outer  cortex  and  the  inner  medulla 
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These  hormones  are  also  secreted  in  increased  amounts  dur- 
ing stress  and  normally  help  us  cope  with  stressful  experi- 
ences. However,  there  is  substantial  evidence  that  chronic 
stress  may  lead  to  serious  consequences — possibly  even  dam- 
age to  certain  parts  of  the  brain — if  high  glucocorticoid  lev- 
els persist  for  long  periods  of  time  (Sapolsky,  1996). 

Other  glands  that  secrete  steroid  hormones  are  the 
gonads:  the  ovaries  in  females  and  the  testes  in  males.  The 
ovaries  secrete  female  sex  hormones  called  estrogens  (such 
as  estradiol)  and  progesterone,  whereas  the  testes  secrete 
male  sex  hormones  called  androgens  (such  as  testosterone). 
These  hormones  determine  some  of  the  physical  differences 
between  males  and  females  (the  so-called  secondary  sex 
characteristics)  that  occur  following  puberty.  Testosterone 
also  has  two  other  important  roles.  During  early  develop- 
ment, this  hormone  acts  within  the  brain  to  produce  neural 
changes  important  for  determining  later  gender-based  dif- 
ferences in  behavior.  Then,  later  on,  it  plays  a significant  role 
in  stimulating  sexual  motivation  in  males  and  even  in 
females  (both  genders  possess  some  amount  of  each  other’s 
sex  hormones). 

Within  the  pancreas,  there  is  an  endocrine  gland  known 
as  the  islets  of  Langerhans.  Cells  within  this  tissue  secrete 
two  hormones,  insulin  and  glucagon.  Insulin  release  is  stim- 
ulated by  food  intake,  and  together  with  glucagon,  it  plays  an 
important  role  in  regulating  glucose  and  other  sources  of 
metabolic  energy.  Lack  of  insulin  gives  rise  to  the  serious  dis- 
order diabetes.  Both  insulin  and  glucagon  are  peptide  hor- 
mones, similar  to  the  neuropeptides  discussed  earlier  but 
somewhat  larger  in  size. 

Residing  in  the  throat  is  the  thyroid  gland,  which  secretes 
thyroxine  (T4)  and  triiodothyronine  (T3).  These  hormones 
are  also  important  for  normal  energy  metabolism.  Underac- 
tivity of  the  thyroid  gland  (hypothyroidism)  causes  feelings 
of  weakness  and  lethargy,  whereas  thyroid  overactivity 
(hyperthyroidism)  leads  to  excessive  energy  and  nervousness. 
The  two  thyroid  hormones  are  made  from  the  amino  acid 
tyrosine,  which  is  the  same  precursor  used  to  make  DA,  NE, 
and  EPI  (see  Chapter  5). 

The  pineal  gland  is  situated  just  over  the  brain  stem  and 
is  covered  over  by  the  cerebral  hemispheres.  This  gland 
secretes  the  hormone  melatonin,  which  is  synthesized  using 
the  neurotransmitter  5-HT  as  a precursor.  Melatonin  has 
been  implicated  in  the  control  of  various  rhythmic  func- 
tions, which  differ  depending  on  the  species.  In  humans  and 
many  other  vertebrates,  most  melatonin  secretion  occurs 
during  the  night,  which  suggests  a possible  role  in  control- 
ling sleep  rhythms.  Tablets  containing  small  amounts  of 
melatonin  can  be  purchased  over  the  counter  in  drug  stores 
and  supermarkets,  and  for  some  people,  these  tablets  induce 
drowsiness  and  faster  sleep  onset. 

The  pituitary  gland  is  sometimes  called  the  “master 
gland,”  as  it  secretes  several  hormones  that  control  other 


glands.  The  pituitary  is  found  just  under  the  hypothalamus 
and  is  connected  to  that  brain  structure  by  a thin  stalk.  Like 
the  adrenals,  the  pituitary  actually  comprises  two  separate 
glands  with  different  hormones  that  serve  distinct  functions. 
The  anterior  pituitary  secretes  thyroid-stimulating  hor- 
mone (TSH;  also  known  as  thyrotropin),  adrenocorti- 
cotropic hormone  (ACTH),  follicle-stimulating  hormone 
(FSH),  luteinizing  hormone  (LH),  growth  hormone  (GH), 
and  prolactin  (PRL).  TSH  stimulates  the  thyroid  gland  and 
ACTH  promotes  the  synthesis  and  release  of  glucocorticoids 
from  the  adrenal  cortex.  FSH  and  LH  together  control  the 
growth  and  functioning  of  the  gonads,  whereas  LH  also 
stimulates  estrogen  and  androgen  secretion  by  the  ovaries 
and  testes,  respectively.  GH  stimulates  the  production  of 
insulin-like  growth  factor  I (IGF-I)  from  peripheral  organs 
such  as  the  liver;  IGF-I  is  critical  for  skeletal  growth  during 
development.  Lastly,  PRL  promotes  milk  production  by  the 
mammary  glands. 

The  pituitary  stalk  connecting  the  hypothalamus  with 
the  pituitary  gland  contains  blood  vessels  that  carry  special 
hypothalamic-releasing  hormones  (Figure  3.18).  These 
hormones  are  mainly  neuropeptides  manufactured  by  vari- 
ous groups  of  neurons  in  the  hypothalamus.  Instead  of 
forming  normal  synapses,  these  neurons  release  the  peptides 
into  blood  capillaries  in  a region  called  the  median  emi- 
nence. Blood  vessels  then  carry  the  releasing  hormones  to 
the  hormone-secreting  cells  of  the  anterior  pituitary.  For 
example,  thyrotropin-releasing  hormone  (TRH)  is  a hypo- 
thalamic peptide  that  stimulates  the  release  of  TSH,  corti- 
cotropin-releasing hormone  (CRH)  (alternatively  called 
corticotropin-releasing  factor,  or  CRF)  stimulates  ACTH 
release  (corticotropin  is  another  name  for  ACTH),  and 
gonadotropin-releasing  hormone  (GnRH)  stimulates  both 
FSH  and  LH.  We  can  thus  see  that  the  endocrine  system 
sometimes  functions  through  the  interactions  of  several 
glands,  with  one  gland  controlling  another  until  the  final 
hormone  is  secreted.  For  example,  stress  does  not  directly 
cause  increased  glucocorticoid  secretion  from  the  adrenal 
cortex.  Instead,  stress  leads  to  enhanced  CRH  release  from 
the  hypothalamus,  which  provokes  ACTH  release  from  the 
anterior  pituitary;  the  ACTH  travels  through  the  blood- 
stream to  the  adrenal  glands,  where  it  stimulates  the  secre- 
tion of  glucocorticoids.  Because  of  this  complicated  control 
system,  it  may  take  a few  minutes  before  the  level  of  gluco- 
corticoids in  our  blood  is  significantly  increased.  Thus  the 
endocrine  system  works  much  more  slowly  than  chemical 
communication  by  neurotransmitters. 

In  addition  to  blood  vessels  connecting  the  hypothala- 
mus to  the  anterior  pituitary,  the  pituitary  stalk  also  con- 
tains the  axons  of  specialized  secretory  neurons  located  in 
the  hypothalamus.  These  axons  reach  the  posterior  pitu- 
itary, where,  like  the  hypothalamic  neurons  mentioned  ear- 
lier, they  form  endings  on  blood  vessels  instead  of  other 
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Figure  3.18  Organization  of  the  hypothalamic-pituitary  axis  Note  that  the  axon 
terminals  of  the  hypothalamic-releasing  hormone  neurons  are  located  near  blood  capil- 
laries in  the  median  eminence,  whereas  the  oxytocin  and  vasopressin  neurons  send  their 
axons  all  the  way  into  the  posterior  lobe  of  the  pituitary  gland.  For  the  purpose  of  simplici- 
ty, not  all  hypothalamic-releasing  hormones  are  shown. 


cells.  The  secretory  neurons  synthesize  and  release  the  pep- 
tide hormones  vasopressin  and  oxytocin  from  the  poste- 
rior pituitary  into  the  bloodstream.  Vasopressin  (also  called 
antidiuretic  hormone)  acts  on  the  kidneys  to  increase  water 
retention  (that  is,  make  the  urine  more  concentrated). 
Alcohol  inhibits  vasopressin  secretion,  which  is  one  of  the 
reasons  people  urinate  so  frequently  when  they  drink  (it’s 
not  just  the  increased  fluid  consumption).  Oxytocin  is 


known  mainly  for  two  important  physiological  functions 
in  female  mammals:  stimulation  of  uterine  contractions 
during  childbirth  and  triggering  of  milk  letdown  from  the 
breasts  during  lactation.  In  recent  years,  there  have  also 
been  interesting  findings  from  animal  studies  suggesting 
that  both  oxytocin  and  vasopressin  may  play  an  important 
role  in  parenting  and  other  kinds  of  affiliative  behavior 
(Young  et  ah,  2001). 


84  Chapter  3 


Mechanisms  of  hormone  action  vary 

As  mentioned  in  Chapter  1,  there  are  two  broad  types  of 
receptors  used  in  cellular  communication:  extracellular 
(membrane)  receptors  and  intracellular  receptors.  Earlier  in 
the  present  chapter  we  observed  that  most  neurotransmitter 
receptors  are  located  on  the  cell  membrane.  In  contrast,  hor- 
mones use  a variety  of  different  kinds  of  receptors,  both 
extracellular  and  intracellular. 

Peptide  hormones  function  by  means  of  membrane  recep- 
tors (Figure  3.19A).  Some  of  these  are  just  like  metabotropic 
neurotransmitter  receptors,  working  through  second-mes- 
senger systems.  One  example  is  the  receptors  for  CRH,  which 
stimulate  formation  of  the  second  messenger  cAMP.  Howev- 
er, some  hormones,  such  as  insulin,  use  tyrosine  kinase  recep- 
tors similar  to  the  trk  receptors  described  earlier. 

Steroid  and  thyroid  hormones  operate  through  intracel- 
lular receptors  (Figure  3.19B).  These  receptors  are. proteins 
just  like  the  membrane  receptors  for  neurotransmitters  or 
peptide  hormones,  but  they  are  generally  located  within  the 
cell  nucleus,  where  they  function  as  transcription  factors  to 
either  turn  on  or  turn  off  the  expression  of  specific  genes 
within  the  cell.  Since  gene  expression  determines  which  pro- 
teins are  made  by  the  cell,  the  ultimate  effects  of  steroid  and 
thyroid  hormones  are  seen  in  the  altered  synthesis  of  partic- 
ular proteins.  This  process  takes  much  longer  (many  minutes 
to  a few  hours  or  more)  than  the  rapid  effects  typically  pro- 
duced by  membrane  receptors.  On  the  other  hand,  changes 
in  gene  expression  and  protein  synthesis  are  also  longer-last- 
ing, thus  allowing  an  animal  or  person  to  keep  responding 
to  a hormone  long  after  it  is  released. 

Why  is  the  endocrine  system  important  to 
pharmacologists? 

By  this  time,  you  may  be  wondering  why  pharmacologists 
are  concerned  about  hormones  and  the  endocrine  system. 


Actually,  there  are  a number  of  good  reasons,  four  of  which 
we’ll  briefly  mention  here: 

1.  Both  therapeutic  and  abused  drugs  can  alter  the  secretion 
of  many  hormones,  causing  physiological  abnormalities. 
For  example,  chronic  alcoholism  can  lead  to  reduced 
testosterone  levels,  testicular  atrophy,  and  impotence  in 
men.  Alcoholic  women  may  have  menstrual  disorders  and 
at  least  temporarily  become  infertile  (see  Chapter  9). 

2.  Hormones  may  alter  the  behavioral  responses  to  drugs.  This 
is  illustrated  in  the  important  role  played  by  glucocorticoids 
in  the  effects  of  amphetamine  and  cocaine  (Box  3.2). 

3.  Hormones  themselves  sometimes  have  psychoactive 
properties  like  those  of  certain  drugs.  We  mentioned  ear- 
lier that  melatonin  has  a sedative  effect  on  many  people. 
In  Chapter  16,  we  also  discuss  how  thyroid  hormones  are 
occasionally  given  as  antidepressant  medications. 

4.  The  secretion  of  pituitary  hormones  and  other  hor- 
mones dependent  on  the  pituitary  is  controlled  by  neu- 
rotransmitter systems  in  the  brain.  This  fact  enables  us 
to  use  the  endocrine  system  as  a “window  to  the  brain” 
that  tells  us  if  a particular  neurotransmitter  system  has 
been  altered  by  disease  (such  as  a psychiatric  or  neuro- 
logical disorder),  injury,  or  prior  psychoactive  drug  use. 

Let’s  look  at  an  example  of  how  this  works.  A drug  known  as 
fenfluramine  stimulates  the  release  of  5-HT  from  axon  end- 
ings. Serotonin  is  one  of  several  neurotransmitters  that  regu- 
lates secretion  of  the  anterior  pituitary  hormone  prolactin 
(PRL).  Consequently,  PRL  levels  in  the  blood  are  elevated 
following  administration  of  fenfluramine  in  both  humans  or 
animals.  Furthermore,  deficient  functioning  of  the  5-HT  sys- 
tem shows  up  as  a reduced  PRL  response  to  fenfluramine. 
This  approach  has  recently  been  used  to  study  the  long-term 
effects  of  3,4-methylenedioxymethamphetamine  (MDMA, 
or  “Ecstasy”),  a drug  that  can  cause  damage  to  the  5-HT  sys- 
tem. A group  of  Italian  researchers  gave  fenfluramine  to 
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Figure  3.19  Hormonal  signaling 
is  mediated  by  a variety  of 
extracellular  and  intracellular 
receptors 
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BOX  3.2 


Pharmacology  in  Action 


Stress,  Glucocorticoids,  and  Psychostimulants 


Among  the  most  addictive  drugs  are 
cocaine  and  amphetamine,  members 
of  the  general  category  called  psy- 
chostimulants (see  Chapter  11 ).  In 
parallel  with  their  high  addiction 
potential,  psychostimulants  are  very 
reinforcing  to  animals.  For  example, 
rats,  mice,  and  even  primates  will  self- 
administer  these  drugs  by  performing 
an  operant  response  such  as  pressing 
a lever  (see  Chapter  4).  Psychostimu- 
lants also  produce  increased  locomo- 
tor activity  when  given  to  rats  and 
mice  in  low  doses. 

There  are  clinical  reports  that  absti- 
nent human  addicts  sometimes  relapse 
(return  to  their  drug  abuse)  when  con- 
fronted with  stressful  life  events.These 
reports  have  led  investigators  to  study 
how  stress  and  stress  hormones  (gluco- 
corticoidsjor  example)  may  affect  drug 
responses  in  animals.The  results  show 
that  stressors  generally  enhance  the 
responsiveness  of  rats  and  mice  to  psy- 
chostimulants, as  measured  in  several 
different  ways  (Piazza  and  Le  Moal, 

1 996).  First,  prior  stress  increases  the 
locomotor-stimulating  effects  of 
amphetamine  or  cocaine.  Second, 
stress  can  enhance  the  initiation  or 
increase  the  rate  of  psychostimulant 
self-administration  under  the  appropri- 
ate conditions.Third,  stress  can 
enhance  psychostimulant-seeking 
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behavior  in  animal  models  of  drug 
relapse.  In  such  studies,  the  animals  are 
first  conditioned  to  self-administer  the 
drug  (cocaine,  for  example)  on  a daily 
basis.  Once  the  self-administration 
response  has  stabilized,  the  animals  are 
subjected  to  a prolonged  period  of 
behavioral  extinction  in  which  no  drug 
is  given  regardless  of  how  many  times 
the  lever  is  pressed.  At  this  point,  there 
is  usually  very  little  behavioral  respond- 
ing by  the  subjects.  However,  several 
studies  found  that  prior  exposure  of 
rats  to  a foot  shock  stress  for  just  1 0 or 
1 5 minutes  led  to  a large  increase  in 
lever  pressing,  even  though  there  was 
still  no  cocaine  available  to  the  animals 
(Erb  et  al.,  1 996;  Ahmed  and  Koob, 
1997). 

Based  on  these  findings,  it  appears 
that  stress  increases  the  motivation 
for  drug-seeking  behavior  in  animals, 
just  as  it  does  in  humans.  It  is  impor- 
tant to  note  that  this  effect  is  selec- 


tive, since  it  does  not  carry  over  to 
other  motivational  systems  such  as 
food  reward.This  difference  is  illus- 
trated in  the  accompanying  figure, 
which  shows  the  influence  of  a social 
stressor  on  cocaine-reinforced  but  not 
food-reinforced  responding  in  rats 
(Miczek  and  Mutschler,  1 996). 

Since  we  know  that  stress  causes 
the  release  of  glucocorticoids  from  the 
adrenal  cortex,  could  these  hormones 
be  involved  in  the  effects  of  stress  on 
psychostimulant  sensitivity?  The 
answer  appears  to  be  yes.  In  one  recent 
study,  adrenalectomy  (surgical  removal 
of  the  adrenal  glands)  of  rats  prevented 
the  ability  of  foot  shock  stress  to  rein- 
state lever  pressing  in  a cocaine  relapse 
model  (Erb  et  al.,  1 998).  However,  when 
adrenalectomized  rats  were  treated 
with  corticosterone  (the  main  gluco- 
corticoid in  rodents), foot  shock  had 
the  same  effect  as  in  normal  animals. 
There  is  also  evidence  that  corticos- 
terone mediates  the  effects  of  stress  on 
the  locomotor  response  to  psychostim- 
ulants. Rats  can  be  adrenalectomized 

(continued  on  next  page) 


Selective  effect  of  social  stress  on  cocaine-reinforced  responding  Male  rats  were 
trained  to  press  a lever  for  either  cocaine  reinforcement  (A)  0.1 25  mg  per  infusion,  (B) 
0.063  mg  per  infusion,  or  food  reinforcement  using  operant  schedules  that  yielded  com- 
parable response  rates.  After  three  baseline  sessions,  three  additional  sessions  were  con- 
ducted in  which  each  subject  was  placed  for  60  minutes  within  the  cage  of  a resident 
male  rat  (the  "intruder"  was  protected  from  physical  attack  by  a wire  mesh  enclosure)  and 
then  immediately  tested  for  lever-pressing  behavior.  As  shown  in  the  right  part  of  each 
graph,  this  social  stress  caused  a large  increase  in  cocaine  self-administration  but  had  no 
effect  on  responding  for  food.  (After  Miczek  and  Mutschler,  1 996.) 
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BOX  3.2  (continued) 

and  then  treated  with  corticosterone  in 
a way  that  keeps  the  blood  level  con- 
stant. Under  such  conditions,  stress  did 
not  enhance  the  locomotor  response 
to  amphetamine  (Deroche  et  al.,  1 992). 

People  often  think  that"hard"drugs 
such  as  cocaine  or  heroin  are  instantly 
addicting  if  taken  even  once.  As  will  be 
discussed  in  Chapter  8,  this  is  a mistak- 
en idea.  Some  individuals  seem  to  be 
much  more  vulnerable  than  others  to 
the  potentially  addicting  qualities  of 
abused  drugs.  Although  we  don't  yet 
know  why  this  is,  Piazza  and  Le  Moal 
(1 996)  hypothesize  that  stress  reactivi- 
ty may  play  a significant  role  in  this 
individual  variability.  In  an  important 
study  published  in  1 991 , Piazza  and  his 
colleagues  found  that  normal  rats 
could  be  divided  into  two  groups, 

"high  responders"  (HR)  and  "low 
responders"  (LR),  based  on  their  behav- 
ioral and  hormonal  responses  to  the 
mild  stress  of  being  placed  in  a novel 
environment. The  HR  group  moved 
around  more  in  the  novel  environment 


and  showed  a prolonged  increase  in 
plasma  corticosterone  levels  com- 
pared to  the  LR  group.  When  these 
same  animals  were  given  the  opportu- 
nity to  self-administer  amphetamine, 
the  HR  group  responded  much  more 
strongly  for  the  drug.  Furthermore, 
self-administration  by  the  LR  group 
could  be  increased  by  giving  them  cor- 
ticosterone (Piazza  et  al.,  1 991  ).Thus, 
even  in  the  absence  of  experimenter- 
induced  stress, glucocorticoids  alter 
the  reinforcing  effects  of  psychostimu- 
lants and  may  play  a role  in  naturally 
occurring  individual  differences  in 
drug  sensitivity. 

How  do  stress  and  glucocorticoids 
affect  responsiveness  to  psychostimu- 
lants? In  later  chapters,  you  will  learn 
that  a neural  pathway  from  a brain 
area  called  the  ventral  tegmental  area 
to  another  area  known  as  the  nucleus 
accumbens  is  critical  for  behavioral 
responses  to  psychostimulant  drugs. 
This  pathway  uses  DA  as  its  neuro- 
transmitter. One  group  of  investigators 


found  that  prior  stress  enhances  the 
ability  of  cocaine  to  increase  DA  in  the 
nucleus  accumbens  and  that  this 
effect  requires  elevated  levels  of  corti- 
costerone produced  by  the  stress 
(Rouge-Pont  et  al.,  1 995). This  provides 
a possible  mechanism  for  some  of  the 
findings  presented  above.  According 
to  this  idea,  stress  causes  secretion  of 
glucocorticoids  from  the  adrenal  cor- 
tex. These  hormones  alter  the  respon- 
siveness of  the  DA  system  so  that 
when  cocaine  or  amphetamine  is 
given,  more  DA  is  released  in  the 
nucleus  accumbens.  In  turn,  this 
increase  in  DA  leads  to  greater  loco- 
motor behavior  by  the  animal, 
enhanced  initiation  of  psychostimu- 
lant self-administration, or  heightened 
drug-seeking  behavior  if  the  self- 
administration response  had  previous- 
ly been  extinguished.  More  research  is 
needed  to  test  this  theoretical  model 
relating  stress  and  glucocorticoids  to 
DA  and  psychostimulant  sensitivity. 


young  men  who  had  a history  of  repeated  MDMA  use  and 
monitored  the  levels  of  PRL  in  the  subjects’  blood  over  the 
following  3 hours.  Compared  to  control  subjects,  the  MDMA 
users  showed  virtually  no  increase  in  PRL,  even  after  12 


months  of  abstinence  from  the  drug  (Gerra  et  al.,  2000;  Fig- 
ure 3.20).  These  results  are  consistent  with  brain  imaging 
studies  that  also  indicate  abnormalities  in  the  5-HT  system 
with  MDMA  use  (see  Chapter  11). 


Time  (min) 


Figure  3.20  Plasma  PRL  responses  to  fenfluramine  in  MDMA  users  and  non- 
users Thirty  milligrams  of  D-fenfluramine  was  given  orally  at  time  0 and  blood  samples 
were  then  collected  at  30-minute  intervals  for  the  next  3 hours.The  MDMA  users  were 
tested  after  either  (A)  3 weeks  or  (B)  1 2 months  of  abstinence  from  the  drug.  (After  Gerra 
et  al.,  2000.) 
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Section  Summary 

Like  neurotransmitters,  hormones  secreted  by  endocrine 
glands  represent  an  important  class  of  signaling  molecules. 
Hormones  are  released  into  the  bloodstream,  where  they 
may  travel  long  distances  before  reaching  their  target  cells  in 
the  body.  Despite  important  differences  between  synaptic 
and  endocrine  communication,  the  same  substance  is  some- 
times used  as  both  a neurotransmitter  and  a hormone. 

The  endocrine  glands  discussed  in  this  chapter  include 
the  adrenal  glands,  the  gonads,  the  thyroid  gland,  the  pineal 
gland,  and  the  pituitary  gland.  Each  adrenal  gland  comprises 
an  inner  medulla  and  an  outer  cortex.  The  adrenal  medulla  is 
derived  from  nervous  system  tissue  and  receives  input  from 
the  preganglionic  fibers  of  the  sympathetic  nervous  system. 
The  chromaffin  cells  of  the  adrenal  medulla  secrete  the  hor- 
mones epinephrine  and  norepinephrine,  both  of  which  are 
released  in  response  to  stressful  stimuli.  The  adrenal  cortex 
secretes  gluococorticoids  such  as  cortisol  and  corticosterone. 
These  steroid  hormones  serve  important  metabolic  func- 
tions, but  they  also  respond  to  stress  like  epinephrine  and 
norepinephrine. 

Other  steroid  hormones  are  synthesized  and  released  by 
the  gonads.  In  females,  ovaries  secrete  estrogens  and  proges- 
terone, whereas  in  males,  testes  secrete  androgens  such  as 
testosterone.  These  gonadal  steroids  are  responsible  for  many 
of  the  secondary  sex  characteristics  that  appear  following 
puberty.  During  early  development,  testosterone  produces 
structural  changes  in  the  brain  that  differentiate  males  from 
females,  and  then  later  in  life  it  is  involved  in  stimulating  sex- 
ual motivation. 

The  islets  of  Langerhans  and  the  thyroid  gland  secrete 
hormones  important  in  energy  metabolism.  Insulin  and 
glucagon  are  released  from  separate  populations  of  cells 
within  the  islets  of  Langerhans.  Together,  these  two  peptide 
hormones  regulate  blood  levels  and  storage  of  glucose  and 
other  sources  of  metabolic  energy.  The  hormones  of  the  thy- 
roid gland,  thyroxine  and  triiodothyronine,  are  both  made 
from  the  amino  acid  tyrosine.  Hypo-  or  hyperthyroidism 
leads  to  characteristic  symptoms  of  either  lethargy  or  exces- 
sive energy,  respectively. 

Two  endocrine  glands  located  close  to  the  brain  are  the 
pineal  gland  and  the  pituitary  gland.  The  pineal  gland,  situ- 
ated just  over  the  brain  stem,  synthesizes  the  hormone  mela- 
tonin using  5-HT  as  a precursor.  Melatonin  has  been  impli- 
cated in  the  regulation  of  various  types  of  rhythmic  activity, 
including  sleep.  The  pituitary  gland  is  found  just  under  the 
hypothalamus  and  is  connected  to  it.  The  pituitary  is  divided 
into  two  separate  glands,  the  anterior  and  posterior  pituitary 
glands,  which  serve  different  functions. 

The  anterior  pituitary  secretes  TSH,  ACTH,  FSH,  LH,  GH, 
and  PRL.  TSH  and  ACTH  stimulate  the  thyroid  and  adrenal 


glands  (cortex),  respectively,  whereas  FSH  and  LH  together 
control  the  growth  and  functioning  of  the  gonads.  GH  stimu- 
lates skeletal  growth  during  development,  and  PRL  plays  an 
important  role  in  promoting  milk  production  during  lactation. 
The  hypothalamic-releasing  hormones  TRH,  CRH,  and  GnRH 
are  neuropeptides  synthesized  within  the  hypothalamus  that 
trigger  the  release  of  TSH,  ACTH,  and  the  gonadotrophins  FSH 
and  LH.  Because  of  this  organizational  structure,  in  which  sev- 
eral glands  must  stimulate  each  other  until  the  final  hormone 
product  is  secreted,  the  endocrine  system  works  much  more 
slowly  than  chemical  communication  by  neurotransmitters. 

The  posterior  pituitary  secretes  two  small  peptide  hor- 
mones, vasopressin  and  oxytocin.  Vasopressin  enhances  water 
retention  by  the  kidneys,  whereas  oxytocin  stimulates  uterine 
contractions  during  childbirth  and  also  triggers  milk  letdown 
from  the  breasts  during  lactation.  There  is  also  evidence  that 
these  hormones  promote  affiliative  behaviors  in  some  species. 

The  actions  of  hormones  are  mediated  by  several  different 
kinds  of  receptors.  Some  are  metabotropic  receptors  similar 
to  those  discussed  for  various  neurotransmitters.  Others  are 
intracellular  receptors  that  function  as  transcription  factors 
that  control  gene  expression.  Still  others  are  tyrosine  kinase 
receptors. 

The  endocrine  system  is  important  to  pharmacologists  for 
several  reasons.  These  include  the  fact  that  (1)  drugs  can 
adversely  alter  endocrine  function;  (2)  hormones  may  alter 
the  behavioral  responses  to  drugs;  (3)  hormones  themselves 
sometimes  have  psychoactive  properties;  and  (4)  the 
endocrine  system  can  be  used  as  a window  to  the  brain  to 
help  us  determine  the  functioning  of  a specific  neurotrans- 
mitter system  by  measuring  changes  in  hormone  secretion 
under  the  appropriate  conditions. 
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Methods  of  Research  in 
Neurobehavioral  Pharmacology 


ow  would  you  feel  with  an  electrode  implanted  deep  within 
your  brain  that  delivered  mild  electrical  pulses  to  change  your 
neural  activity?  If  you  happen  to  be  one  of  the  thousands  of 
people  suffering  from  chronic  disabling  disorders  like  Parkinson  s disease, 
chronic  pain,  or  epilepsy,  the  answer  is  that  you  might  feel  dramatic  relief. 

Deep  brain  stimulation  therapy  is  one  of  the  newest  techniques  to  treat 
debilitating  neurological  disorders  in  patients  who  fail  to  respond  to  current- 
ly available  medications.  The  treatment  involves  applying  minute  amounts  of 
electrical  current  to  precise  brain  sites  to  modify  the  brain  signals  that  cause 
undesirable  symptoms.  It  involves  surgically  implanting  a fine  wire  deep  into 

the  individuals  brain  that  is  connected 
by  an  extension  wire  placed  under  the 
skin  to  a pacemaker-type  electrical  gen- 
erator. The  battery-powered  generator 
is  surgically  placed  under  the  skin  near 
the  collarbone  and  can  be  programmed 
by  the  neurophysiologist  to  deliver  the 
precise  stimulation  needed  by  an  indi- 
vidual patient  for  greatest  relief  and 
fewest  side  effects.  Patients  can  also 
control  the  stimulation  delivered  by 
using  a magnet  to  increase  or  decrease 
the  “dosage”  as  required.  This  method, 
recently  tested  at  medical  facilities  all 
around  the  world,  demonstrates  the 
creative  and  practical  application  of 
years  of  basic  animal  research  into  neu- 
robiological  methods.  Chapter  4 
describes  a number  of  these  research 
techniques  in  greater  detail. 


This  miniature  CT  scanner  provides  extraordinary  detail  of  brain 
structure  with  minimal  discomfort  to  animal  subjects. 
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Techniques  in 
Neuropharmacology 

Multiple  Neurobiological  Techniques  for 
Assessing  the  CNS 

The  discovery  of  chemical  transmission  of  information  be- 
tween nerve  cells  paved  the  way  for  the  birth  of  neurophar- 
macology. Since  then,  there  has  been  an  explosion  of  research 
directed  toward  understanding  the  nature  of  brain  function 
and  the  biology  of  what  makes  us  human.  With  the  variety 
and  power  of  new  analytical  tools  and  techniques  we  can 
look  inside  the  brain  to  find  answers  to  questions  that  touch 
individual  lives.  Even  nonscientists  can  appreciate  the 
advances  in  neuroscience  research  that  bring  us  ever  closer 
to  understanding  the  essence  of  human  behavior  as  well  as 
some  of  the  most  troubling  problems  of  mankind:  demen- 
tia, depression,  autism,  and  neurodegenerative  disorders. 

The  new  tools  provide  the  means  to  explore  the  brain  to 
answer  our  questions,  but  it  takes  disciplined  and  creative 
scientific  minds  and  teamwork  to  pose  the  right  questions 
and  use  available  tools  optimally.  The  scientific  method,  uti- 
lizing rigorous  hypothesis  testing  under  controlled  condi- 
tions, is  the  only  real  method  we  have  to  investigate  how 
molecules  responsible  for  nerve  cell  activity  relate  to  com- 
plex human  behaviors  and  thinking.  Analysis  spans  the  entire 
range  from  molecular  genetics  to  cell  function  to  integrated 
systems  of  neuronal  networks  and  finally  to  observable 
behavior.  To  understand  the  brain  requires  a convergence  of 
efforts  from  multiple  disciplines  that  together  form  the  basis 
of  neuroscience:  psychology,  biochemistry,  neuropharma- 
cology, neuroanatomy,  endocrinology,  computer  science, 
neuropsychology,  and  molecular  biology.  Ultimately,  the 
knowledge  we  acquire  depends  on  integrating  information 
derived  from  a wide  variety  of  research  techniques  from  all 
of  these  fields. 

As  you  might  expect,  the  list  of  techniques  is  very  long 
and  increases  every  day.  Chapter  4 focuses  on  a few  of  the 
more  common  methods  and  helps  you  to  understand  each 
method  s purpose  as  well  as  some  of  its  potential  weaknesses. 
Perhaps  the  most  important  goal  of  this  chapter  is  to  encour- 
age you,  when  you  read  scientific  papers,  to  critically  evaluate 
the  methods  and  the  controls  used,  because  the  conclusions 
we  draw  from  experiments  are  only  as  good  as  the  method- 
ology used  to  collect  the  data. 

The  essence  of  neuropsychopharmacology  is  the  use  of 
drugs  as  a means  to  modify  synaptic  activity  and  subsequent 
behavior.  Chapter  3 describes  some  of  the  chemical  agents 
used  to  alter  the  synthesis,  packaging,  and  release  of  neuro- 
transmitters as  well  as  prolong  or  shorten  neurotransmitter 
action  by  altering  metabolism  or  reuptake.  Most  important  is 


the  use  of  agonists  to  mimic  and  antagonists  to  reduce  nor- 
mal neurotransmitter  action  at  the  receptor. 

Because  synaptic  activity  is  so  important,  the  first  part  of 
Chapter  4 emphasizes  techniques  that  look  at  the  location 
and  function  of  neurotransmitters  and  neurotransmitter 
receptors.  The  methods  are  both  in  vivo,  meaning  observed 
in  the  living  organism,  and  in  vitro,  which  is  measurement 
outside  the  living  body  (traditionally  in  a test  tube).  We  also 
look  at  a variety  of  rather  remarkable  imaging  techniques 
that  permit  us  to  visualize  the  activity  of  the  living  human 
brain.  Since  genetic  engineering  is  an  increasingly  powerful 
tool,  we  will  describe  its  use  in  neuropharmacology.  The  sec- 
ond part  of  the  chapter  focuses  on  behavioral  pharmacology. 
Behavior,  mood,  and  thinking  represent  the  focus  of  neu- 
ropsychopharmacology, so  it  is  of  equal  importance  to 
understand  and  critically  evaluate  the  techniques  used  to 
quantify  behavioral  changes.  Both  the  biochemical  and  the 
behavioral  techniques  selected  will  be  used  in  subsequent 
chapters.  Feel  free  to  return  to  this  chapter  to  review  a 
method  when  you  encounter  it  later. 

Stereotaxic  surgery  is  needed  for  accurate 
in  vivo  measures  of  brain  function 

The  classic  techniques  of  physiological  psychology  (lesion- 
ing,  microinjection,  and  electrical  recording)  are  equally 
important  in  understanding  the  action  of  psychoactive 
drugs.  Stereotaxic  surgery  is  an  essential  technique  in  neuro- 
science that  permits  a researcher  to  implant  one  of  several 
devices  into  the  brain  of  an  anesthetized  animal  with  signif- 
icant precision.  The  stereotaxic  device  itself  (shown  in  Fig- 
ure 4.1  A)  is  essentially  a means  to  stabilize  the  animals  head 
in  a fixed  orientation  so  that  the  carrier  portion  can  be 
moved  precisely  in  three  dimensions  to  place  the  tip  of  an 
electrode  or  drug  delivery  tube  in  a predetermined  brain  site. 
The  brain  site  coordinates  are  calculated  using  a brain  atlas, 
which  is  a collection  of  frontal  sections  of  brain  of  the  appro- 
priate species  in  which  distances  are  measured  from  skull 
surface  features  (Figure  4. IB).  Accuracy  of  placement  is 
determined  histologically  after  the  experiment  is  complete. 
The  halo  bracket  (Figure  4. 1C)  is  the  equivalent  apparatus 
used  in  human  neurosurgery,  and  the  target  site  is  identified 
with  a computerized  imaging  technique  like  magnetic  reso- 
nance imaging  (MRI)  or  computerized  tomography  (CT) 
(see  the  section  on  imaging  techniques  later  in  the  chapter). 

Lesioning  and  microinjection  Experimental  ablation,  or 
lesioning,  uses  a stereotaxic  device  to  position  a delicate  elec- 
trode, insulated  along  its  length  except  for  the  exposed  tip, 
deep  within  the  brain.  The  tissue  at  the  tip  is  destroyed  when 
a very-high-frequency  radio  current  is  passed  through  the 
electrode  to  heat  the  cells.  The  rationale  of  the  experiment  is 
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that  a comparison  of  the  animal’s  behavior  before  and  after 
the  lesion  will  tell  us  something  about  the  function  of  that 
brain  area. 

Electrolytic  lesions  destroy  all  tissue  at  the  tip  of  the  elec- 
trode, including  cell  bodies,  dendrites,  and  axons.  Alterna- 
tively, a neurotoxin  (a  chemical  damaging  to  nerve  cells)  can 
be  injected  via  a cannula  (a  hollow  tube  inserted  like  an  elec- 
trode) to  destroy  cells.  Of  course,  the  same  type  of  cannula 
can  be  used  to  administer  drugs  or  neurotransmitters  that 
stimulate  cells  in  the  central  nervous  system  (CNS)  before 


Millimeters 

Figure  4.1  Stereotaxic  surgery  (A)  A stereotaxic  device  used  for 
precise  placement  of  electrodes  during  brain  surgery  on  animals. 
The  base  holds  the  anesthetized  animal's  head  and  neck  in  a station- 
ary position. The  carrier  portion  places  the  electrode  or  cannula  in  a 
precise  location  based  on  the  coordinates  of  the  target  area  identi- 
fied with  the  brain  atlas  (B).  (C)  A similar  apparatus  is  used  for  human 
brain  surgery.  Location  of  the  procedure  is  determined  by  CT  or  MRI. 


evaluating  behavior  (see  the  discussion  of  intracerebro ven- 
tricular administration  in  Chapter  1).  Chemical  lesions  have 
the  advantage  of  being  significantly  more  specific  because 
neurotoxic  chemicals,  such  as  kainic  acid  or  ibotenic  acid,  kill 
the  cell  bodies  in  the  vicinity  of  the  cannula  tip  but  spare  the 
axons  passing  through  the  same  area.  In  either  case,  this 
procedure  can  be  used  to  identify  the  brain  area  responsible 
for  a drug-induced  change  in  behavior.  For  instance,  we 
might  wonder  which  brain  area  is  responsible  for  the  rein- 
forcing effects  of  a drug  like  amphetamine.  Suppose  that  after 
lesioning  the  nucleus  accumbens  in  the  diencephalon,  we  find 
that  rats  no  longer  will  self-administer  amphetamine  by 
pressing  a lever  in  an  operant  chamber  (see  the  section  on 
operant  behavior  later  in  the  chapter).  We  may  want  to  con- 
clude that  the  nucleus  accumbens  is  responsible  for  rein- 
forcement, but  lesion  studies  must  always  be  evaluated  cau- 
tiously. Even  when  a lesion  changes  behavior,  we  still  don’t 
know  what  specific  function  that  brain  area  served.  In  our 
example,  further  investigation  would  be  needed  to  determine 
how  the  lesion  interfered  with  the  self-administration.  Does 
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the  nucleus  accumbens  modulate  reinforcement?  Or  is  it  pos- 
sible that  the  animal  lost  motor  control  or  failed  to  remem- 
ber the  appropriate  response?  Furthermore,  because  of  the 
small  size  of  brain  structures  and  their  overlapping  nature, 
the  possibility  exists  that  behavioral  change  is  due  to  damage 
to  adjacent  brain  regions. 

The  lesioning  technique  has  always  been  a valuable  tool 
to  examine  the  relationship  between  brain  structure  and 
function  in  animals.  In  humans,  of  course,  lesions  cannot  be 
produced  intentionally,  but  accidents,  trauma  to  the  brain, 
strokes,  and  tumors  (“accidents  of  nature”)  all  provide  a 
means  to  investigate  the  relationship  between  brain  damage 
and  function.  Psychology  students  will  certainly  remember 
the  story  of  Phineas  Gage,  whose  skull  and  brain  were  pene- 
trated by  a long  steel  rod  in  a blasting  accident  (Figure  4.2). 
His  case  history  has  become  famous  for  being  an  example  of 
profound  behavioral  changes  following  traumatic  brain 
injury.  Previously  a mild-mannered  man  and  competent 
foreman  of  a work  crew,  after  the  accident  Gage  demonstrat- 
ed childish  behavior  and  an  inability  to  organize  his  daily 
activities,  displaying  frequent  uncontrolled  outbursts  and 
episodes  of  violence.  However,  several  significant  problems 
exist  in  evaluating  such  case  studies.  First,  although  behav- 


Figure  4.2  Computer  reconstruction  of  the  trajectory  of  the 
steel  rod  that  penetrated  Phineas  Gage's  skull  during  a nine- 
teenth century  blasting  accident.The  massive  damage  to  the 
frontal  part  of  the  brain  and  the  behavioral  deficits  he  demon- 
strated after  the  accident  stimulated  thinking  about  the  role  of 
the  frontal  cortex  in  complex  brain  functions.  Gage's  skull  is 
presently  housed  in  the  Warren  Museum  at  Harvard  Medical 
School.(From  H.  Damasio  et  al.,  1 994;  courtesy  of  Hanna  Damasio.) 


ioral  measures  and  neuropsychological  testing  after  injury 
can  identify  deficits  in  function,  it  is  rare  that  skills  were  eval- 
uated prior  to  the  injury.  For  this  reason  it  is  difficult  to 
know  to  what  extent  the  functioning  changed  as  a result  of 
the  injury.  Second,  until  very  recently,  there  was  no  way  to 
know  specifically  where  the  brain  damage  occurred.  The 
development  of  scanning  techniques  like  CT  and  MRI  have 
greatly  improved  the  ability  to  identify  quite  specifically  the 
locus  of  damage.  Third,  “accidents  of  nature”  produce 
unique  damage  to  brain  structures  in  each  individual,  so 
generalizations  to  a larger  population  are  unwarranted. 

Because  neuropharmacology  is  interested  in  neurochem- 
ical regulation  of  behavior,  the  lesioning  techniques  used  are 
often  specific  for  a neural  pathway  utilizing  a particular 
neurotransmitter.  These  specific  neurotoxins  are  most  often 
injected  directly  into  the  brain,  where  they  are  taken  up  by 
the  neurons’  normal  reuptake  mechanism.  Once  inside  the 
cell,  the  toxin  destroys  the  cell  terminal.  In  this  way,  behav- 
ioral measures  made  before  and  after  a neurotoxic  lesion  tell 
us  about  the  role  of  the  neurotransmitter  in  a particular 
behavior.  For  example,  intracerebroventricular  administra- 
tion of  6-hydroxydopamine  produces  nerve  terminal  degen- 
eration in  both  noradrenergic  and  dopaminergic  cells  and 
profound  neurotransmitter  depletion.  More  selective  effects 
are  achieved  when  the  neurotoxin  is  injected  directly  into  a 
target  area.  Earlier  we  suggested  that  lesioning  the  nucleus 
accumbens  reduced  self-administration  of  amphetamine  in 
rats.  We  might  further  test  our  understanding  of  the  role  of 
the  nucleus  accumbens  in  reinforcement  by  selectively 
destroying  the  large  number  of  dopamine  cell  terminals  in 
that  area  using  the  neurotoxin  6-hydroxydopamine  before 
evaluating  the  drug-taking  behavior. 

Microdialysis  A different  technique  that  uses  stereotaxic 
surgery  is  microdialysis.  Although  researchers  have  been 
able  to  measure  neurotransmitters  released  from  brain  slices 
in  vitro  for  many  years,  microdialysis  lets  us  measure  neuro- 
transmitters released  in  a specific  brain  region  while  the  sub- 
ject is  actively  engaged  in  behavior  (Figure  4.3A). 

The  technique  requires  a specialized  cannula  made  of 
fine,  flexible  tubing  that  is  implanted -stereo taxically  (Figure 
4.3B).  The  cannula  is  sealed  along  its  length  except  at  the  tip, 
allowing  investigators  to  collect  material  in  extracellular  fluid 
at  nerve  terminals  at  precise  sites  even  deep  within  the  brain. 
Artificial  cerebrospinal  fluid  (CSF)  is  gently  moved  into  the 
microdialysis  cannula  by  a pump.  The  CSF  in  the  cannula 
and  in  the  extracellular  fluid  are  identical  except  for  the 
material  to  be  collected.  Based  on  the  difference  in  concen- 
tration, the  chemicals  of  interest  move  across  the  membrane 
from  the  synaptic  space  into  the  cannula.  A second  pump 
removes  the  CSF  from  the  cannula  into  a series  of  tubes,  to 
be  analyzed  by  high-performance  liquid  chromatography 
(HPLC)  or  another  method. 
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Figure  4.3  Collection  of  extracellular  fluid  with  microdialysis  (A)  Microdialysis  allows 
the  collection  of  samples  from  deep  within  the  brain  in  unanesthetized  and  freely  moving  ani- 
mals under  relatively  normal  conditions. The  collected  samples  are  identified  and  measured  by 
one  of  several  analytic  techniques,  such  as  HPLC.  (B)  Typical  microdialysis  probe,  which  uses 
flexible  tubing  that  is  sealed  except  at  the  tip,  where  it  is  semipermeable.  It  is  held  in  place  by 
dental  plastic  on  the  animal's  skull.  (A  after  Philippu,  1 984;  B after  Ungerstedt,  1 984.) 


A major  improvement  over  older  collection  methods  is 
that  only  tiny  amounts  of  material  need  to  be  collected  for 
accurate  measurement.  The  improved  accuracy  is  due  to  the 
development  of  highly  sensitive  analytic  techniques  (such  as 
HPLC),  which  can  be  combined  with  microdialysis  collection. 


HPLC,  like  other  types  of  chromatography,  serves  two  pur- 
poses. First,  chromatography  separates  the  sample  into  com- 
ponent parts  depending  on  characteristics  of  the  sample,  such 
as  molecular  size  or  ionic  charge.  Second,  the  concentration 
of  the  molecules  of  interest  can  be  determined  (Figure  4.4). 
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fiihe  sample  is  forced  through  a 
column  that  separates  the  sample 
into  constituent  molecules.  The 
type  of  column  chosen  determines 
how  the  molecules  are  separated 
(e.g.,  by  size  or  ionic  charge,  etc.). 


The  detector  identifies  and 
measures  the  separated 
molecules  as  they  are  washed 
from  the  column. 
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Figure  4.4  Components  of  an  HPLC  system 
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The  chromatograph  pictorially 
shows  a peak  for  each  compound 
being  measured  and  indicates 
the  quantity  of  the  compound. 
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Microdialysis  is  important  to  neuropsychopharmacology 
because  it  can  be  used  in  several  types  of  experiments  com- 
bining biochemical  and  behavioral  analyses.  For  example,  we 
might  evaluate  the  released  neurochemicals  during  ongoing 
behaviors  such  as  sleep  and  waking,  feeding,  or  operant  tasks 
to  provide  a window  into  the  functioning  CNS.  Second,  we 
might  investigate  the  effects  of  drugs  on  extracellular  con- 
centrations of  neurotransmitters  in  selected  brain  areas. 
Since  the  sample  collection  can  be  made  in  freely  moving 
animals,  correlated  changes  in  behavior  can  be  monitored 
simultaneously.  Finally,  the  collection  of  extracellular  mate- 
rials at  nerve  terminals  following  discrete  electrical  or  chem- 
ical stimulation  of  neural  pathways  is  another  valuable  role. 

A second  method  used  to  measure  neurotransmitter 
release  is  in  vivo  voltammetry.  Whereas  microdialysis  col- 
lects samples  of  extracellular  fluid  for  subsequent  analysis, 
in  vivo  voltammetry  uses  stereotaxically  implanted  micro- 
electrodes to  measure  neurochemicals  in  the  extracellular 
fluid  of  freely  moving  animals.  In  voltammetry  a very  fine 
electrode  is  implanted  and  a small  electrical  potential  is 
applied.  Changes  in  the  current  flow  at  the  electrode  tip 
reflect  changes  in  the  concentration  of  electroactive  sub- 
stances such  as  neurotransmitters  or  their  metabolites.  A 
major  advantage  is  that  because  the  measurements  are  made 
continuously  and  require  as  little  as  15  milliseconds  to  com- 
plete, researchers  can  evaluate  neurotransmitter  release  as  it 
is  occurring  in  real  time. 

Electrophysiological  stimulation  and  recording  In  a 

similar  fashion,  implanted  macroelectrodes  (Figure  4.5A) 
can  be  used  to  activate  cells  at  the  tip  while  evaluating  the 
change  in  animal  behavior  during  stimulation.  The  minute 
amount  of  electric  current  applied  changes  the  membrane 
potential  of  those  cells  and  generates  action  potentials.  The 
action  potentials  in  turn  cause  the  release  of  neurotransmit- 
ter at  the  cell  terminals  to  mimic  normal  synaptic  transmis- 
sion. Hence  the  electrical  stimulation  should  produce  biobe- 
havioral  effects  that  are  similar  to  those  seen  upon  injection 
of  the  natural  neurotransmitter  or  neurotransmitter  ago- 
nists into  the  brain.  In  addition,  one  would  expect  that  stim- 
ulation of  a given  cell  group  should  produce  effects  oppo- 
site those  of  a lesion  at  the  same  site.  Macroelectrodes  can 
also  be  used  to  record  the  summated  electrical  response  of 
thousands  of  neurons  in  a specific  brain  region  following 
drug  treatment  or  other  experimental  manipulation  in  a 
freely  moving  animal.  If  we  had  found,  for  example,  that 
lesioning  the  periaqueductal  gray  (PAG)  in  the  midbrain 
prevented  the  pain-reducing  effects  of  morphine,  we  might 
want  to  find  out  what  effect  activating  those  PAG  neurons 
has.  What  we  would  find  is  that  if  electrodes  implanted  in 
the  PAG  are  activated,  the  animal  fails  to  respond  to  painful 
stimuli.  Likewise,  if  pain-killing  opioids  like  morphine  or 


(A)  Connecting  Dental  plastic 


Figure  4.5  Electrical  brain  stimulation  and  recording 

(A)  Stereotaxically  implanted  electrodes  held  in  place  on  the 
skull  with  dental  plastic.  After  recovery,  the  animal  can  be 
plugged  into  a device  that  can  electrically  stimulate  the  cells  at 
the  tip  or  monitor  and  record  changes  in  electrical  activity.  (B) 
Diagram  of  the  Tremor  Control  System,  which  consists  of  an 
insulated  wire  electrode  surgically  implanted  deep  in  the  brain. 
The  electrode  is  connected  to  a pulse  generator  implanted 
under  the  skin  near  the  collarbone.The  generator  is  pro- 
grammed to  deliver  the  amount  of  electric  current  needed  to 
reduce  the  tremor  on  the  opposite  side  of  the  body.  Patients 
also  have  individual  control  by  passing  a hand-held  magnet 
over  the  skin  above  the  pulse  generator. 

codeine  are  microinjected  into  that  brain  area  via  an 
indwelling  cannula,  the  animal  also  demonstrates  profound 
analgesia. 
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In  the  opening  paragraphs  of  this  chapter,  you  read  about 
patients  who  have  benefited  from  the  many  years  of  animal 
research  into  the  stereotaxic  implantation  of  electrodes  into 
the  brain  and  electrical  stimulation.  Figure  4.5B  shows  the 
adaptation  of  the  technique  to  humans  being  treated  for 
Parkinson’s  disease.  Small  pulses  of  electric  current  applied  to 
the  thalamus  cause  the  cells  to  fire  and  release  neurotransmit- 
ter, which  reduces  the  tremor  on  the  opposite  side  of  the  body. 

An  alternative  to  macroelectrode  recording,  which  is  a 
summation  of  electrical  activity  in  a brain  region,  is  single- 
unit recording,  which  uses  microelectrodes.  Stereotaxically 
implanting  a fine-tipped  electrode  either  into  a single  cell 
(intracellular  recording)  or  into  the  extracellular  fluid  near 
a single  cell  (extracellular  recording)  monitors  the  response 
of  individual  cells  under  various  conditions.  Intracellular 
recording  must  utilize  an  anesthetized  animal,  because  the 
electrode  must  remain  in  a precise  position  in  order  to 
record  the  membrane  potential  of  the  cell.  An  advantage  of 
extracellular  single-cell  recording  is  that  it  can  be  done  in  a 
mobile  animal  (Figure  4.6).  The  downside  to  extracellular 
recording  is  that  the  electrode  records  only  the  occurrence  of 
action  potentials  in  the  nearby  neuron  and  cannot  monitor 
the  change  in  the  cell’s  membrane  potential.  Returning  to 


our  earlier  example  of  morphine  action,  we  find  that  the 
drug  produces  strong  selective  inhibition  of  neurons  in  the 
spinal  cord,  which  prevents  the  projection  of  pain  informa- 
tion to  higher  brain  centers,  thereby  contributing  to  the  anal- 
gesic effect. 

In  addition  to  measuring  membrane  potentials  of  groups 
of  cells  and  single  cells,  thanks  to  the  Nobel  Prize-winning 
research  of  Neher  and  Sakmann  conducted  in  the  1970s  neu- 
roscientists can  also  study  the  function  of  individual  ion 
channels,  which  collectively  are  responsible  for  the  membrane 
potential.  The  technique,  known  as  patch  clamp  electro- 
physiology, works  best  with  individual  cells  in  culture  but  can 
also  be  used  on  exposed  cells  in  slices  of  brain.  The  method 
involves  attaching  a recording  micropipette  to  a piece  of  cell 
membrane  by  suction.  When  the  pipette  is  pulled  away,  a 
small  membrane  patch  containing  one  or  more  ion  channels 
remains  attached.  The  subsequent  electrical  recording 
through  the  pipette  represents  in  real  time  the  channel  open- 
ing, the  flow  of  ions  (electrical  current)  during  the  brief  peri- 
od when  it  is  open,  and  the  channel  closing. 

Neurotransmitters,  receptors,  and  other 
proteins  can  be  quantified  and  visually 
located  in  the  CNS 


Microelectrodes  monitor 
the  electrical  activity  of 
individual  neurons. 


To  both  quantify  and  locate  neurotransmitters  and 
receptors  in  the  CNS,  several  methods  are  required. 
To  count  or  measure  a particular  molecule,  a “soup” 
method  is  often  used,  in  which  a tissue  sample  is 
precisely  dissected  out  and  ground  up,  creating  a 
homogenate  before  being  evaluated.  Homogenates 
are  used  in  any  one  of  many  possible  neurochemi- 
cal analyses  which  are  referred  to  as  assays.  In  con- 
trast, for  localization,  the  landmarks  of  the  tissue 
and  relationship  of  structures  must  be  preserved,  so 
the  visualization  method  is  done  on  an  intact  piece 
or  slice  of  tissue.  Hence,  when  we  want  to  measure 
the  number  of  receptors  in  a particular  brain  area 
we  are  likely  to  use  a radioligand  binding  assay  in  a 
tissue  homogenate,  but  if  we  want  to  see  where  in 
the  brain  particular  receptors  are  located  (as 
well  as  measure  them)  we  are  more  likely  to 
use  a slice  preparation  with  autoradiography. 
Table  4.1  summarizes  the  “soup”  and  “slice” 
techniques  described  in  the  following  section 
of  the  chapter. 


Figure  4.6  Extracellular  microelectrode  recording  from  single  neurons  in 
the  brain  of  an  awake,  responding  rhesus  monkey. This  experimental  setup 
might  be  used  to  evaluate  the  effects  of  a previously  administered  drug  on  the 
animal's  response  to  visual  stimuli  and  on  the  electrical  activity  of  a single  cell. 


Radioligand  binding  To  study  the  num- 
ber of  receptors  in  a given  brain  region  and 
their  affinity  for  drugs,  the  radioligand  bind- 
ing method  was  developed.  Once  the  brain 
region  we  are  interested  in  is  dissected  out, 
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TABLE  4.1  Methods  Used  to  Quantify  and  Visualize  Target  Molecules  in 


the  Nervous  System 

Target  molecule 

Tissue  extract  assay 
to  quantify 

Brain  slice  preparation 
to  visualize 

Receptor  site 

Receptors  and  other  proteins 
mRNA 

Radioligand  binding 
Radioimmunoassay  (RIA) 
Dot  blot  or  Northern  blot 

Receptor  autoradiography 
Immunocytochemistry(ICC) 
In  situ  hybridization  (ISH) 

it  is  ground  up  to  make  a homogenate.  A ligand  (usually  a 
drug  or  chemical)  that  is  radioactively  labeled  (now  called 
the  radioligand)  is  incubated  with  the  tissue  under  condi- 
tions that  optimize  its  binding.  After  a brief  time,  any  radi- 
oligand that  has  not  bound  is  removed,  often  by  washing  and 
filtering.  The  amount  of  radioligand  bound  to  the  tissue  is 
then  measured  with  a scintillation  (or  gamma)  counter  and 
reflects  the  number  of  receptors  in  the  tissue. 

Although  the  binding  procedure  is  quite  simple,  interpre- 
tation of  the  results  is  more  complex.  How  can  we  be  sure 
that  the  radioligand  is  actually  binding  to  the  specific  biolog- 
ical receptors  of  interest,  rather  than  to  other  sites  based  on 
artifacts  of  the  procedure?  Several  criteria  that  must  be  met 
include  (1)  specificity;  (2)  saturability;  (3)  reversibility  and 
high  affinity;  and  (4)  biological  relevance.  Specificity  means 
that  the  ligand  is  binding  only  to  the  receptor  we  are  con- 
cerned with  in  this  tissue  and  to  nothing  else.  Of  course, 
drugs  often  bind  to  several  receptor  subtypes,  but  they  may 
also  attach  to  other  cell  components  that  produce  no  biolog- 
ical effects.  To  measure  the  amount  of  a ligand  that  binds  to 
the  site  that  we  are  concerned  with,  we  add  very  high  concen- 
trations of  a nonradioactive  competing  ligand  to  some  tubes 
to  show  that  most  of  the  radioactive  binding  is  displaced. 
That  which  remains  is  likely  to  be  nonspecifically  bound  to 
sites  such  as  assay  additives  (e.g.,  albumin)  or  cellular  sites 
(e.g.,  enzymes)  that  we  are  less  interested  in  at  the  moment. 
Nonspecific  binding  is  subtracted  when  the  data  are  calculat- 
ed for  specific  binding.  When  binding  to  specific  subtypes  of 


Figure  4.7  Radioligand  binding  to  receptors  (A)  A hypothetical 
saturation  curve  shows  that  as  radioligand  concentration  increases, 
specific  binding  to  the  receptor  also  increases  until  all  the  sites  are 
filled  (£max).The  Kd  is  defined  as  the  ligand  concentration  at  which 
50%  of  the  receptors  are  occupied  and  is  an  indication  of  receptor 
affinity.  (B)  Hypothetical  association  and  dissociation  curves.The  red 
line  represents  the  association  of  a radioligand  with  its  receptors 
over  time.  The  rate  of  association  (k})  is  estimated  by  calculating  the 
slope  of  the  straight  line  that  best  fits  the  curvilinear  data.  After  max- 
imum binding  has  occurred  (association  and  dissociation  are  in  equi- 
librium), excess  unlabeled  ligand  is  added. The  blue  line  represents 
the  dissociation  of  the  radioligand  from  its  receptors  in  the  presence 
of  large  amounts  of  unlabeled  ligand. The  slope  of  the  straight  line 
that  best  fits  that  portion  of  the  curve  provides  an  estimate  of  the 
rate  of  dissociation  (/(_.,). 


receptors  is  necessary,  ligands 
must  be  designed  to  distin- 
guish between  the  receptor 
proteins. 

Saturability  means  that 
there  are  a finite  number  of 
receptors  in  a given  amount 
of  tissue.  By  adding  increas- 
ing amounts  of  radioligand  to 
a fixed  amount  of  tissue,  one 
would  expect  to  see  gradual 
increases  in  binding  until  all  sites  are  filled  (Figure  4.7A). 
Binding  in  the  assay  must  also  be  reversible,  because  a neu- 
rotransmitter in  vivo  will  bind  and  release  many  times  to  ini- 
tiate repeated  activation  of  the  cellular  action.  This  reversibil- 
ity is  demonstrated  in  binding  assays  because  the  radioactive 
ligand  can  be  displaced  by  the  same  drug  that  is  not  radiola- 
beled (Figure  4.7B).  The  unbinding  (dissociation)  of  the  lig- 
and from  the  receptor  must  also  be  consistent  with  the  rever- 
sal of  physiological  effects  of  the  ligand. 

(A) 


(B) 
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Ideally,  the  binding  of  chemically  similar  drugs  should 
correlate  with  some  measurable  biochemical  or  behavioral 
effect.  For  example,  the  classic  antipsychotic  drugs  all  bind 
to  a particular  subtype  of  receptor  (D2)  for  the  neurotrans- 
mitter dopamine.  Not  only  do  the  drugs  in  this  class  bind  to 
the  D2  receptor,  but  their  affinity  for  the  receptor  correlates 
with  the  effectiveness  of  the  drugs  in  reducing  the  symptoms 
of  schizophrenia  (see  Chapter  17).  Unfortunately,  experi- 
ments of  this  type  rarely  produce  perfectly  correlated  results 
in  binding  affinity  and  functional  potency  because  drug 
effects  in  the  intact  organism  are  dependent  on  many  factors 
in  addition  to  drug-receptor  interaction,  for  example, 
absorption  and  distribution. 

Receptor  autoradiography  Receptor  binding  is  a classic 
tool  in  neuropharmacology  that  tells  us  about  receptor  num- 
ber and  affinity  for  a particular  drug  in  a specific  piece  of 
brain  tissue.  When  we  want  to  visualize  the  distribution  of 
receptors  within  the  brain,  we  use  receptor  autoradiography. 
The  process  begins  with  standard  radioligand  binding  as 
described  above  except  that  slide- mounted  tissue  slices  rather 
than  ground-up  tissue  are  used.  After  the  unbound  radioac- 
tively  labeled  drug  is  washed  away,  the  slices  are  processed  by 
autoradiography.  The  slides  are  put  into  cassettes,  a special- 
ized autoradiographic  film  is  placed  on  top  of  the  slides  so 
that  it  is  in  physical  contact  with  the  tissue  sections,  and  the 
cassettes  are  stored  in  the  dark  to  allow  the  radioactive  mate- 
rial that  is  bound  to  receptors  to  act  on  the  film.  The  particles 
that  are  constantly  emitted  from  the  radioactive  material  in 
the  tissue  expose  the  film  and  show  not  only  the  amount  of 
radioligand  bound  but  also  its  location.  This  method  is  espe- 
cially good  for  studying  the  effects  of  brain  lesions  on  recep- 
tor binding  because  each  lesioned  animal  can  be  evaluated 
independently  by  comparing  the  lesioned  and  nonlesioned 
sides  of  the  brain.  This  method  might  also  give  us  clues 
about  how  various  psychoactive  drugs  produce  their  behav- 
ioral effects.  For  instance,  mapping  the  binding  of  cocaine  in 
monkey  brain  shows  a distinct  pattern  of  localization  and 
density  in  selected  brain  areas  (Figure  4.8).  With  a clear 
understanding  of  anatomical  distribution,  we  can  begin  to 
test  specific  hypotheses  regarding  the  behavioral  conse- 
quences of  activating  these  receptors  using  microinjections 
of  receptor-selective  agonists  and  antagonists. 

In  vivo  receptor  binding  The  same  autoradiographic  pro- 
cessing can  be  done  on  brain  slices  of  an  animal  that  had  pre- 
viously been  injected  in  vivo  with  a radiolabeled  drug.  The 
drug  enters  the  general  circulation,  diffuses  into  the  brain, 
and  binds  to  receptors.  The  animal  is  then  killed  and  the 
brain  is  sliced  and  processed  by  autoradiography.  The  tech- 
nique shows  the  researcher  where  a particular  drug  or  neu- 
rotransmitter binds  in  an  intact  animal.  Unfortunately, 
results  with  this  technique  are  more  difficult  to  interpret 
because  of  the  complexities  of  bioavailability  and  distribu- 


Figure  4.8  Autoradiogram  of  the  distribution  of  cocaine 
binding  in  monkey  brain  The  highest  levels  of  cocaine  bind- 
ing are  in  areas  colored  yellow  and  orange.  (Courtesy  of  Bertha 
Madras  and  Marc  J.  Kaufman.) 

tion,  diffusion  through  the  blood-brain  barrier,  and  metab- 
olism of  the  drug.  Nevertheless,  its  potential  is  tremendous 
because  in  vivo  binding  can  be  assessed  in  living  human  sub- 
jects using  positron  emission  tomography  (PET)  (see  the 
section  on  brain  imaging)  to  map  the  pattern  of  drug-recep- 
tor binding  and  correlate  it  with  clinical  effects. 

Assays  of  enzyme  activity  Enzymes  are  proteins  that  act 
as  biological  catalysts  to  speed  up  reaction  rates,  but  they  are 
not  used  up  in  the  process.  We  find  many  different  enzymes 
in  every  cell,  and  each  has  a role  in  a relatively  specific  reac- 
tion. The  enzymes  that  are  particularly  interesting  to  neu- 
ropharmacologists are  those  involved  in  the  synthesis  or 
metabolism  of  neurotransmitters,  neuromodulators,  and  sec- 
ond messengers.  In  addition,  neuropharmacologists  are  inter- 
ested in  identifying  the  conditions  that  regulate  the  rate  of 
activity  of  the  enzyme.  For  example,  acute  morphine  treat- 
ment inhibits  adenylyl  cyclase  activity.  Adenylyl  cyclase  is  the 
enzyme  that  synthesizes  the  second  messenger  cyclic  adeno- 
sine monophosphate  (cAMP).  However,  chronic  exposure  to 
morphine  produces  a gradual  but  dramatic  up-regulation  of 
the  cAMP  system,  suggesting  that  the  second-messenger  sys- 
tem acts  to  compensate  for  the  acute  effect  of  opioid  inhibi- 
tion. It  is  perhaps  one  of  the  best-studied  biochemical  models 
of  opioid  tolerance  and  is  discussed  further  in  Chapter  10. 

Sometimes  the  mere  presence  of  an  enzyme  in  a cell  clus- 
ter is  important  since  it  can  be  used  to  identify  those  cells 
that  manufacture  a specific  neurotransmitter.  The  next  sec- 
tion describes  the  use  of  antibodies  and  immunocytochem- 
istry  to  locate  enzymes  in  the  brain. 

Antibody  production  Some  of  the  newest  methods  for 
identifying  and  measuring  receptors  and  other  proteins  are 
far  more  specific  and  sensitive  than  ever  before  because  they 
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(A) 


(B) 


The  protein  is  first 
injected  into  an  animal 
who  makes  antibodies 
to  the  foreign  material. 


Blood  containing  the 
antibodies  is  withdrawn 
from  the  animal. 


* . x. 


The  antibody  is  applied  to  tissue 
slices  and  then  chemically  tagged 
to  make  its  presence  visible 
under  the  microscope. 


Figure  4.9  Immunocytochemistry  uses  tagged 
antibodies  to  locate  molecules  within  cells.  (A) 

Steps  in  ICC  localization.  (B)  Immunocytochemical 
identification  of  cells  containing  the  neuropeptide 
hypocretin  in  the  human  lateral  hypothalamus.  (A  after 
Bear  et  al.f  2001;  B courtesy  of  Jerome  Siegel.) 


use  an  antibody.  An  antibody  is  a protein  produced  by  the 
white  blood  cells  of  the  immune  system  to  recognize,  attack, 
and  destroy  a specific  foreign  substance  (the  antigen). 
Researchers  use  this  immune  response  to  create  supplies  of 
antibodies  that  bind  to  specific  proteins  (receptors,  neu- 
ropeptides, or  enzymes)  they  want  to  locate  in  the  brain  (Fig- 
ure 4.9A).  The  first  step  is  to  create  an  antibody  by  injecting 
the  antigen  (for  example,  the  neuropeptide  hypocretin)  into  a 
host  animal  and  at  various  times  taking  blood  samples  to  col- 
lect antibodies.  With  the  antibody  prepared,  we  are  ready  to 
look  for  the  peptide  in  tissue  slices  using  immunocytochem- 
istry. Antibodies  can  also  be  used  to  quantify  very  small 
amounts  of  material  using  radioimmunoassays  (see  below). 

Immunocytochemistry  For  immunocytochemistry 

(ICC),  the  brain  is  first  fixed  (hardened)  using  a preservative 
such  as  formaldehyde.  Tissue  slices  are  then  cut  and  incubat- 
ed with  the  antibody  in  solution.  The  antibody  attaches  to 
the  antigen  wherever  cells  are  present  that  contain  that  anti- 
gen. In  the  final  step,  the  antibody  is  tagged  so  that  the  anti- 
gen-containing cells  can  be  visualized  (see  Figure  4.9A).  This 
is  usually  accomplished  either  by  means  of  a chemical  reac- 


tion that  creates  a colored  precipitate  within  the  cells  or  by 
using  a fluorescent  dye  that  glows  when  exposed  to  light  of 
a particular  wavelength.  The  researcher  can  then  examine  the 
tissue  slices  under  a microscope  and  see  which  brain  areas  or 
neurons  contain  the  antigen.  The  technique  is  limited  only 
by  the  ability  to  raise  antibodies.  Figure  4.9 B shows  the  visu- 
alization of  cells  that  contain  the  neuropeptide  hypocretin  in 
the  lateral  hypothalamus  of  a healthy  human  subject.  In 
patients  with  the  sleep  disorder  narcolepsy,  the  number  of 
hypocretin  neurons  is  reduced  by  about  90%  (Thannicakal 
et  al.,  2000).  These  results,  along  with  animal  experiments 
using  neurotoxin  lesioning  and  genetic  modification,  suggest 
that  hypocretin  in  the  hypothalamus  may  regulate  the  onset 
of  sleep  stages.  ICC  is  similar  to  autoradiography  in  princi- 
ple, but  it  is  far  more  selective  because  of  the  use  of  the  anti- 
body (which  recognizes  only  a very  specific  protein)  and 
much  quicker  because  it  does  not  require  the  development 
time  of  the  autoradiographic  film. 

Radioimmunoassay  Antibodies  are  also  useful  in  quanti- 
fying physiologically  important  molecules  in  body  fluids 
such  as  blood,  saliva,  or  CSF,  as  well  as  in  tissue  extracts. 
Radioimmunoassay  (RIA)  is  based  on  competitive  binding 
of  an  antibody  to  its  antigen  (the  molecule  being  measured). 
The  use  of  antibodies  makes  the  procedure  highly  specific  for 
the  molecule  of  interest  and  very  sensitive  (Figure  4.10). 

RIA  involves  preparing  a standard  curve  of  known  anti- 
gen concentrations  against  which  unknown  samples  can  be 
compared.  The  standard  curve  is  created  by  first  combining  a 
preset  amount  of  antibody  with  a known  concentration  of 
radioactively  labeled  antigen  in  all  the  assay  tubes.  At  this 
point  all  the  tubes  are  identical,  that  is,  all  the  antibody 
would  be  reversibly  attached  to  radioactive  antigen.  Howev- 
er, the  experimenter  then  adds  different,  known  concentra- 
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Quantity  of 
unlabeled  antigen 


Figure  4.1 0 Radioimmunoassay  The  steps  in  the  RIA  proce- 
dure that  produce  a typical  standard  curve. The  curve  in  turn  is 
used  to  calculate  the  amount  of  unknown  antigen  in  a given 
sample. 


tions  of  unlabeled  antigen,  which  compete  with  the  radioac- 
tively  labeled  antigen.  The  higher  the  concentration  of  unla- 
beled competitor  antigen  added,  the  lower  the  amount  of 
radioactive  antigen  bound  after  the  mixture  has  been  incu- 
bated. The  values  are  plotted  as  a standard  curve  and  ana- 
lyzed using  appropriate  computer  software. 


To  determine  how  much  of  the  antigen  is  in  any  experi- 
mental sample,  other  test  tubes  are  prepared  in  just  the  same 
way  except  that  the  samples  containing  unknown  amounts 
of  antigen  are  added  instead  of  the  known  antigen.  By  meas- 
uring the  amount  of  radioactive  antigen  bound  in  the  sam- 
ple tubes  compared  to  the  standard  curve,  the  amount  of 
antigen  in  the  sample  can  be  calculated. 

In  situ  hybridization  In  situ  hybridization  (ISH)  makes  it 
possible  to  locate  cells  in  tissue  slices  that  are  manufacturing  a 
particular  protein  or  peptide  in  much  the  same  manner  that 
ICC  identifies  cells  containing  a particular  protein.  ISH  is  par- 
ticularly useful  in  neuropharmacology  for  detecting  the  spe- 
cific messenger  RNA  (mRNA)  molecules  responsible  for 
directing  the  manufacture  of  the  wide  variety  of  proteins 
essential  to  neuron  function,  such  as  enzymes,  structural  pro- 
teins, receptors,  ion  channels,  and  peptides.  For  example,  Fig- 
ure 4.1 1A  shows  the  location  of  the  mRNA  for  enkephalin, 
one  of  several  opioid  peptides  in  the  adult  rat  brain  (see 
Chapter  10).  Because  the  method  detects  cells  with  a precise 
RNA  sequence,  it  is  exceptionally  specific  and  extremely  sen- 
sitive. Besides  locating  cells  containing  specific  mRNA,  ISH  is 
also  used  to  study  changes  in  regional  mRNA  levels  after 
experimental  manipulations.  The  amount  of  mRNA  pro- 
vides an  estimate  of  the  rate  of  synthesis  of  the  particular 
protein.  This  means  that  if  chronic  drug  treatment  caused  a 
decrease  in  enkephalin  mRNA  that  we  visualized  in  Figure 
4.1 1 A,  we  could  conclude  that  the  protein  the  mRNA  codes 
for  has  been  down-regulated,  that  is,  less  of  that  protein  is 
being  synthesized. 

As  you  recall  from  Chapter  2,  the  double  strands  of  DNA 
and  corresponding  mRNA  (Figure  4.1  IB  and  C)  have  unique 
base-pair  sequences  responsible  for  directing  the  synthesis  of  a 
particular  protein  with  its  unique  amino  acid  sequence.  ISH 
depends  on  the  ability  to  create  probes  by  labeling  single-strand- 
ed fragments  of  RNA  made  up  of  base-pair  sequences  comple- 
mentary to  those  of  the  mRNA  of  interest  (Figure  4.1  ID).  After 
the  single  strands  are  prepared,  they  are  labeled  radioactively  or 
with  dyes.  When  the  tissue  slices  or  cells  are  exposed  to  the 
labeled  probe,  the  probe  attaches  (binds,  or  hybridizes)  to  the 
complementary  base-pair  sequences.  After  incubation,  the  tis- 
sue is  washed  and  dehydrated  before  being  placed  in  contact 
with  X-ray  film  or  being  processed  in  other  ways  for  visualiza- 
tion of  cells  containing  the  specific  mRNA.  The  technique  is 
extremely  sensitive  and  can  detect  a very  small  number  of  cells 
that  express  a particular  gene.  If  the  researcher  is  interested  only 
in  measuring  the  amount  of  mRNA  rather  than  visualizing  its 
location,  hybridization  can  be  done  using  a tissue  homogenate 
rather  than  a tissue  slice.  Two  available  methods  of  ISH  that  use 
homogenates  are  called  Northern  blot  and  dot  blot. 

DNA  microarrays  Microarrays,  also  called  DNA  chips  or 
gene  chips,  provide  the  newest  and  most  dramatic  improve- 
ment in  gene  technology.  Because  the  nervous  system  exhibits 
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Quantity  of 
unlabeled  antigen 


Figure  4.1 0 Radioimmunoassay  The  steps  in  the  RIA  proce- 
dure that  produce  a typical  standard  curve.The  curve  in  turn  is 
used  to  calculate  the  amount  of  unknown  antigen  in  a given 
sample. 


tions  of  unlabeled  antigen,  which  compete  with  the  radioac- 
tively  labeled  antigen.  The  higher  the  concentration  of  unla- 
beled competitor  antigen  added,  the  lower  the  amount  of 
radioactive  antigen  bound  after  the  mixture  has  been  incu- 
bated. The  values  are  plotted  as  a standard  curve  and  ana- 
lyzed using  appropriate  computer  software. 


To  determine  how  much  of  the  antigen  is  in  any  experi- 
mental sample,  other  test  tubes  are  prepared  in  just  the  same 
way  except  that  the  samples  containing  unknown  amounts 
of  antigen  are  added  instead  of  the  known  antigen.  By  meas- 
uring the  amount  of  radioactive  antigen  bound  in  the  sam- 
ple tubes  compared  to  the  standard  curve,  the  amount  of 
antigen  in  the  sample  can  be  calculated. 

In  situ  hybridization  In  situ  hybridization  (ISH)  makes  it 
possible  to  locate  cells  in  tissue  slices  that  are  manufacturing  a 
particular  protein  or  peptide  in  much  the  same  manner  that 
ICC  identifies  cells  containing  a particular  protein.  ISH  is  par- 
ticularly useful  in  neuropharmacology  for  detecting  the  spe- 
cific messenger  RNA  (mRNA)  molecules  responsible  for 
directing  the  manufacture  of  the  wide  variety  of  proteins 
essential  to  neuron  function,  such  as  enzymes,  structural  pro- 
teins, receptors,  ion  channels,  and  peptides.  For  example,  Fig- 
ure 4.1 1A  shows  the  location  of  the  mRNA  for  enkephalin, 
one  of  several  opioid  peptides  in  the  adult  rat  brain  (see 
Chapter  10).  Because  the  method  detects  cells  with  a precise 
RNA  sequence,  it  is  exceptionally  specific  and  extremely  sen- 
sitive. Besides  locating  cells  containing  specific  mRNA,  ISH  is 
also  used  to  study  changes  in  regional  mRNA  levels  after 
experimental  manipulations.  The  amount  of  mRNA  pro- 
vides an  estimate  of  the  rate  of  synthesis  of  the  particular 
protein.  This  means  that  if  chronic  drug  treatment  caused  a 
decrease  in  enkephalin  mRNA  that  we  visualized  in  Figure 
4.1 1 A,  we  could  conclude  that  the  protein  the  mRNA  codes 
for  has  been  down-regulated,  that  is,  less  of  that  protein  is 
being  synthesized. 

As  you  recall  from  Chapter  2,  the  double  strands  of  DNA 
and  corresponding  mRNA  (Figure  4.1  IB  and  C)  have  unique 
base-pair  sequences  responsible  for  directing  the  synthesis  of  a 
particular  protein  with  its  unique  amino  acid  sequence.  ISH 
depends  on  the  ability  to  create  probes  by  labeling  single-strand- 
ed fragments  of  RNA  made  up  of  base-pair  sequences  comple- 
mentary to  those  of  the  mRNA  of  interest  (Figure  4.1  ID).  After 
the  single  strands  are  prepared,  they  are  labeled  radioactively  or 
with  dyes.  When  the  tissue  slices  or  cells  are  exposed  to  the 
labeled  probe,  the  probe  attaches  (binds,  or  hybridizes)  to  the 
complementary  base-pair  sequences.  After  incubation,  the  tis- 
sue is  washed  and  dehydrated  before  being  placed  in  contact 
with  X-ray  film  or  being  processed  in  other  ways  for  visualiza- 
tion of  cells  containing  the  specific  mRNA.  The  technique  is 
extremely  sensitive  and  can  detect  a very  small  number  of  cells 
that  express  a particular  gene.  If  the  researcher  is  interested  only 
in  measuring  the  amount  of  mRNA  rather  than  visualizing  its 
location,  hybridization  can  be  done  using  a tissue  homogenate 
rather  than  a tissue  slice.  Two  available  methods  of  ISH  that  use 
homogenates  are  called  Northern  blot  and  dot  blot. 

DNA  microarrays  Microarrays,  also  called  DNA  chips  or 
gene  chips,  provide  the  newest  and  most  dramatic  improve- 
ment in  gene  technology.  Because  the  nervous  system  exhibits 
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Brain  tissue  section 


Figure  4.1 1 In  situ  hybridization  (A)  Localization  of 
enkephalin  mRNA  in  a slice  from  rat  brain.  (B)  Structure  of  a 
DNA  molecule.The  nucleotide  bases  always  bind  in  a comple- 
mentary fashion:  thymine  to  adenine  and  guanine  to  cytosine. 
(C)  A strand  of  mRNA  has  copied  the  code  from  a partially 
unraveled  DNA  molecule  in  the  nucleus  and  will  carry  the 
genetic  code  to  the  ribosomes  in  the  cytoplasm,  where  the 
protein  will  be  created.  (D)  In  ISH,  a labeled  probe  has  been 
created  with  the  correct  sequence  of  complementary  bases. 
When  the  strand  of  mRNA  in  the  cell  and  the  labeled  probe 
hybridize,  or  bond  to  one  another,  the  product  labels  the  cell 
that  contains  the  genetic  code  for  the  protein  of  interest.  (A 
courtesy  of  Brian  Sauer  and  Suzanne  Pham.) 


the  greatest  complexity  of  gene  expression  of  all  tissues, 
being  able  to  examine  all  of  the  genes  simultaneously 
can  tell  researchers  which  genes  switch  on  and  off 
together  in  response  to  a disease  state,  drug  treatment, 
or  environmental  condition.  One  would  assume  that 
genes  that  increase  or  decrease  their  expression  under 
the  same  condition  probably  work  together  to  induce  a 
cellular  response.  In  addition,  measuring  the  amount  of 
various  RNAs  in  a sample  tells  us  both  the  types  and 
amounts  of  proteins  present.  A study  by  Mimics  and 
colleagues  (2000)  demonstrated  the  technical  elegance 
of  microarray  by  identifying  multiple  presynaptic  pro- 
teins that  are  underexpressed  in  the  frontal  lobes  of 
schizophrenic  individuals.  Their  results  provide  a pre- 
dictive and  testable  model  of  the  disorder. 

The  method  is  similar  to  that  described  for  ISH, 
but  rather  than  measuring  a single  mRNA,  microar- 
rays consist  of  between  1000  and  20,000  distinct  com- 
plementary DNA  sequences  on  a single  chip  (a  struc- 
tural support)  of  approximately  thumbnail  size.  Each 
spot  is  only  about  50  to  150  jim  in  diameter.  This 
makes  it  possible  to  screen  the  expression  of  the  entire 
genome  of  an  organism  in  a single  experiment  on  just 
a few  chips.  The  tissue  to  be  evaluated  (for  example, 
the  frontal  lobe  from  a schizophrenic  individual  com- 
pared to  a normal  frontal  lobe)  is  dissected,  and  the 
mRNAs  are  isolated  and  labeled,  then  hybridized  to 
the  large  number  of  immobilized  DNA  molecules  on 
the  chip.  A scanner  automatically  evaluates  the 
amount  of  hybridization  of  each  of  the  thousands  of 
spots  on  the  chip,  and  computer  analysis  is  used  to 
identify  the  patterns  of  gene  activity.  Several  excellent 
reviews  of  the  microarray  procedure  and  its  applica- 
tion in  areas  such  as  aging,  neuropharmacology, 
and  psychiatric  disorders  are  available  (Luo  and 
Geschwind,  2001;  Marcotte  et  al.  2001). 


New  tools  are  used  for  imaging  the  struc- 
ture and  function  of  the  brain 

Most  conventional  neurobiological  techniques  are 
designed  to  quantify  or  to  localize  significant  sub- 
stances in  the  nervous  system.  One  of  the  greatest  chal- 
lenges in  psychopharmacology  has  been  to  evaluate  the 
functioning  of  the  brain  under  varying  conditions, 
particularly  in  the  living  human  being.  Advances  in 
technology  not  only  make  the  visualization  of  the  CNS 
far  more  precise,  but  also  provide  the  opportunity  to 
visualize  the  functioning  brain. 

Autoradiography  of  dynamic  cell  processes  You 

are  already  familiar  with  the  technique  of  autoradiog- 
raphy for  mapping  cell  components  such  as  neuro- 
transmitter receptors  that  have  been  radioactively 
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labeled.  Another  important  application  of  autoradiography 
is  the  tracing  of  active  processes  in  the  brain  such  as  cerebral 
blood  flow,  oxygen  consumption,  local  glucose  utilization,  or 
local  rates  of  cerebral  protein  synthesis.  2-Deoxyglucose 
autoradiography  is  based  on  the  assumption  that  when 
nerve  cell  firing  increases,  the  metabolic  rate,  that  is,  the  uti- 
lization of  glucose  and  oxygen,  also  increases.  By  identifying 
cells  that  take  up  more  glucose  under  experimental  condi- 
tions such  as  drug  treatment,  we  can  tell  which  brain  regions 
are  most  active.  2-Deoxyglucose  (2-DG)  is  a modified  form 
of  the  glucose  molecule  that  is  taken  up  by  active  nerve  cells 
but  is  not  processed  in  the  same  manner  as  glucose  and 
remains  trapped  in  the  cell.  If  the  2-DG  has  been  labeled  in 
some  way,  the  most  active  cells  can  be  identified.  The  method 
involves  injecting  an  animal  with  radioactive  2-DG  before 
evaluating  its  behavior  in  a test  situation.  The  experimenter 
then  kills  the  animal,  removes  the  brain,  and  slices  it  in 
preparation  for  autoradiography  (described  earlier).  A simi- 
lar (but  nonlethal)  technique  can  be  performed  with  human 
subjects,  using  PET  as  described  below. 

A second  way  of  identifying  which  brain  cells  are  active  is 
to  locate  cells  that  show  increases  in  nuclear  proteins  involved 
in  protein  synthesis.  The  assumption  is  that  when  cells  are 
activated,  selected  proteins  called  transcription  factors  (such 
as  c-fos)  dramatically  increase  in  concentration  over  30  to  60 
minutes.  The  c-fos  protein  subsequently  activates  the  expres- 
sion of  other  genes  that  regulate  protein  synthesis.  c-Fos  can 
be  located  in  the  brain  using  ICC  to  stain  cells  with  increased 
levels  of  the  fos  protein  and  hence  increased  cell  activity. 

Imaging  techniques  Since  our  ultimate  goal  is  to  under- 
stand how  drugs  affect  the  human  brain  and  behavior,  the 


most  exciting  advance  in  recent  years  has  been  the  ability  to 
visualize  the  living  human  brain.  Although  we  can  learn  a lot 
by  studying  individuals  with  brain  damage,  until  recently  we 
could  only  guess  at  where  the  damage  was  located  because  the 
brain  was  not  accessible  until  the  individual  died,  often  many 
years  later.  It  was  virtually  impossible  to  know  which  specific 
brain  area  was  responsible  for  the  lost  function.  The  human 
brain  remained  a bit  of  a “black  box,”  and  our  understanding 
of  the  neural  processes  responsible  for  human  thinking  and 
behavior  were  advanced  primarily  due  to  animal  experi- 
ments. Because  of  recent  advances  in  X-ray  and  computer 
technology,  neuroscience  can  now  not  only  safely  visualize  the 
detailed  anatomy  of  the  human  brain  but  also  identify  the 
neural  processes  responsible  for  a particular  mental  activity. 
CT  and  MRI  are  techniques  that  create  pictures  of  the  human 
nervous  system  in  far  greater  detail  than  previously  possible 
with  standard  X-ray.  Other  techniques  are  designed  to  see 
functional  activity  in  the  human  brain.  These  include  PET, 
functional  MRI,  and  computer-assisted  electrical  recording. 

When  standard  X-rays  are  passed  through  the  body,  they 
are  differentially  absorbed  depending  on  the  density  of  the 
various  tissues.  Rays  that  are  not  absorbed  strike  a photo- 
graphic plate,  forming  light  and  dark  images.  Unfortunate- 
ly, the  brain  is  made  up  of  many  overlapping  parts  that  do 
not  differ  dramatically  in  their  ability  to  absorb  X-rays,  so  it 
is  very  difficult  to  distinguish  the  individual  shapes  of  brain 
structures.  Computerized  tomography  (CT)  not  only 
increases  the  resolution  (sharpness  of  detail)  of  the  image 
but  also  provides  an  image  in  three  dimensions. 

The  individual  undergoing  a CT  scan  (sometimes  called 
CAT  scan,  for  computerized  axial  tomography)  lies  with  his 
head  placed  in  a cylindrical  X-ray  tube  (Figure  4.12A).  A 


Figure  4.1 2 Computerized  tomography  (A)  The  cylindrical  CT  scanner  rotates  around  the 
head,  sending  parallel  X-ray  beams  through  the  tissue  to  be  detected  on  the  opposite  side.  A com- 
puterized image  in  the  form  of  a brain  slice  is  constructed  from  the  data.  (B)  Horizontal  CT  scan 
showing  a tumor  (orange)  at  the  level  of  the  basal  ganglia.  Anterior  is  toward  the  top  of  the  scan. 
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series  of  narrow,  parallel  beams  of  radiation  are  aimed 
through  the  tissue  and  toward  the  X-ray  detectors.  The  X-ray 
source  is  rotated  around  the  head  while  the  detectors  move 
on  the  opposite  side  in  parallel.  At  each  point  of  rotation,  the 
source  and  detectors  also  move  linearly.  In  this  manner  they 
make  a series  of  radiation  transmission  readings,  which  is 
calculated  by  a computer  and  visually  displayed  as  a “slice” 
through  the  brain  (Figure  4.12B).  The  slices  can  be  recon- 
structed by  the  computer  into  three-dimensional  images  for 
a better  understanding  of  brain  structure. 

Magnetic  resonance  imaging  (MRI)  further  refines  the 
ability  to  view  the  living  brain  by  using  computerized  meas- 
urements of  the  distinct  waves  that  different  atoms  emit 
when  placed  in  a strong  magnetic  field  and  activated  by 
radio-frequency  waves.  This  method  distinguishes  different 
body  tissues  based  on  their  individual  chemical  composition. 
Because  tissues  contain  different  amounts  of  water,  they  can 
be  distinguished  by  scanning  the  magnetic-induced  reso- 
nance of  hydrogen.  The  image  provides  exquisite  detail  and, 
as  is  true  for  CT,  sequential  slices  can  be  reconstructed  to 
provide  three-dimensional  images  (Figure  4.13). 

It  did  not  take  long  for  scientists  to  realize  the  power  of 
their  new  tool,  and  they  proceeded  to  use  the  computerized 
scanning  technique  to  view  the  localization  of  radioactively 
labeled  materials  injected  into  a living  human.  Positron 
emission  tomography  (PET)  does  not  create  images  of  the 
brain  but  maps  the  distribution  of  a radioactively  labeled 
substance  that  has  been  injected  into  an  individual.  To  do 
this  safely  with  human  subjects,  we  must  use  radioisotopes 


Figure  4.1 3 A three-dimensional  image  formed  with 

MRI  Computer  technology  provides  the  opportunity  to  create 
three-dimensional  representations  of  the  brain  from  sequential 
slices. 


that  decay  quickly  rather  than  accumulate.  While  radioactive 
isotopes  used  in  many  laboratory  experiments  have  relative- 
ly long  half-lives,  on  the  order  of  1200  years  for  3H  or  5700 
years  for  14C,  those  used  for  PET  have  half-lives  of  2 minutes 
(150),  20  minutes  (UC),  or  110  minutes  (18F).  Isotopes  that 
decay  and  lose  their  radioactivity  quickly  (i.e.,  have  a short 
half-life)  emit  positrons,  which  are  like  electrons  but  have  a 
positive  charge.  When  a positron  expelled  from  the  nucleus 
collides  with  an  electron,  both  particles  are  annihilated  and 
emit  two  gamma  rays  traveling  in  opposite  directions.  In  a 
PET  scanning  device  (Figure  4.14A),  detectors  surround  the 
head  to  track  these  gamma  rays  and  locate  their  origin.  The 
information  is  analyzed  by  computer  and  visualized  as  an 
image  on  the  monitor. 

PET  is  useful  to  neuropharmacology  in  several  ways 
(Farde,  1996).  First,  a radioactively  labeled  drug  or  ligand  can 
be  administered  and  the  location  of  binding  in  brain  tissue 
can  be  seen.  The  technique  has  been  used  successfully  to 
localize  neurotransmitter  receptors  and  identify  where  drugs 
bind.  Perhaps  even  more  exciting  is  the  use  of  PET  to  deter- 
mine which  parts  of  the  brain  are  active  during  the  perform- 
ance of  particular  tasks  or  cognitive  problem  solving  (Figure 
4.14B).  PET  allows  us  to  visualize  brain  activity,  which  is 
reflected  in  increases  in  glucose  utilization,  oxygen  use,  and 
blood  flow,  depending  on  which  reagent  has  been  labeled. 
Very  much  like  autoradiography  in  living  humans,  PET  can 
be  used  along  with  2-DG  to  map  brain  areas  that  utilize 
increased  glucose  or  demonstrate  increased  blood  flow,  both 
indicative  of  heightened  neural  activity. 

Single-photon  emission  computerized  tomography 
(SPECT)  is  very  similar  to  PET  imaging,  but  it  is  much  sim- 
pler and  less  expensive  since  the  radiolabeled  probes  do  not 
have  to  be  synthesized  but  are  commercially  available.  When 
scanned,  the  radioactive  compounds,  either  inhaled  or 
injected,  show  the  changes  in  regional  blood  flow.  Although 
resolution  is  less  accurate  than  with  PET,  the  SPECT  data  can 
be  combined  with  CT  or  MRI  scans  to  localize  the  active 
areas  more  precisely  than  with  SPECT  alone. 

Functional  MRI  (fMRI)  has  become  the  newest  and  per- 
haps most  powerful  tool  in  the  neuroscientist’s  arsenal  for 
visualizing  brain  activity.  To  meet  the  increased  metabolic 
demand  of  active  neurons,  the  flow  of  blood  carrying  oxy- 
gen to  these  cells  increases.  Functional  MRI  can  detect  the 
increases  in  blood  oxygenation  caused  by  cell  firing  because 
oxygenated  hemoglobin  (the  molecule  that  carries  the  oxy- 
gen in  the  blood  and  provides  the  red  color)  has  a different 
magnetic  resonance  signal  than  oxygen -depleted  hemoglo- 
bin. Functional  MRI  has  several  advantages  over  PET.  First, 
fMRI  provides  both  anatomical  and  functional  information 
in  each  subject  and  the  detail  of  the  image  is  far  superior. 
Second,  since  the  individual  does  not  have  to  be  injected  with 
radioactive  material,  the  measures  can  be  made  repeatedly  to 
show  changes  over  time.  For  the  same  reason,  the  procedure 
is  essentially  risk  free,  except  for  the  occasional  case  of  claus- 
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(A)  Positron  emission  tomography  (PET)  Figure  4.14  Positron  emission  tomography 

(A)  A typical  scanning  device  for  PET.  Notice  the  photode- 
tectors that  surround  the  head  to  track  the  gamma  rays 
produced  when  a positron  expelled  from  the  nucleus  col- 
lides with  an  electron.  (B)  PET  scan  image  showing  active 
brain  areas  by  measuring  regional  cerebral  blood  flow 
under  two  conditions.The  subject  on  the  left,  who  was 
told  to  expect  only  mild  discomfort  from  putting  a hand 
into  47°C  water,  showed  less  neuronal  activity  (correlated 
with  less  blood  flow)  in  the  anterior  cingulate  cortex  than 
the  subject  on  the  right,  who  expected  more  pain.  Highly 
active  areas  are  colored  orange,  red,  and  white.  Further 
experiments  might  assess  how  certain  drugs  change  the 
pattern  of  activation.  (From  Rainville  et  al.,  1 997;  courtesy 
of  Pierre  Rainville.) 


trophobia  caused  by  the  scanner.  Third,  the  process  is  so 
rapid  that  brain  activity  can  be  monitored  in  real  time 
(i.e.,  as  it  is  occurring).  In  combination  with  recording 
electrical  activity  with  electroencephalography  (see  the 
following  paragraph),  fMRI  can  produce  three-dimen- 
sional images  showing  neural  activity  in  interconnect- 
ing networks  of  brain  centers.  Temporal  sequencing  of 
information  processing  becomes  possible,  so  one  can  see 
the  changing  locations  of  brain  activity  during  tasks  and 
cognitive  processes.  For  an  excellent  introduction  to 
brain  imaging  and  its  relationship  to  cognitive  process- 
es, refer  to  Posner  and  Raichle  (1994). 

Electroencephalography  (EEG)  In  addition  to 
improved  visualization  techniques  and  methods  of  map- 
ping metabolic  function  in  the  human  brain,  a third  non- 
invasive  method  of  investigating  human  brain  activity  is 
now  used  often  in  neuropharmacology:  electrical  record- 
ing with  electroencephalography  (EEG).  Electrodes  are 
taped  to  the  scalp  in  several  locations  (Figure  4.15A),  and 
the  electrical  activity  that  is  recorded  reflects  the  sum  of 
electrical  events  of  populations  of  neurons.  Multiple  elec- 


(A)  Multichannel  EEG  recording 
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Figure  4.1 5 Electroen- 
cephalography (A)  In  humans, 
changes  in  electrical  activity  of 
the  brain  are  detected  by  record- 
ing electrodes  that  are  attached 
to  the  surface  of  the  individual's 
scalp.The  electrodes  record  the 
activity  of  thousands  of  cells 
simultaneously.  (B)  Examples  of  a 
typical  electroencephalogram 
showing  the  differences  in  electri- 
cal potential  between  specific 
locations  on  the  scalp. 
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trodes  are  used  because  a comparison  of  the  signals  from  vari- 
ous locations  can  identify  the  origin  of  some  waves.  Although 
the  method  cannot  identify  specific  cells  that  are  active,  it  has 
been  useful  in  studies  of  consciousness,  sleep,  and  dreaming,  as 
well  as  studies  of  seizure  activity  Figure  4.15B  shows  typical 
EEG  records.  Computer  analysis  of  EEG  signals  can  produce  a 
color-coded  map  of  brain  electrical  activity,  which  allows  a 
visualization  of  electrical  response  to  changing  stimuli.  Brain 
electrical  activity  mapping  (BEAM)  is  one  of  the  available  dis- 
play systems.  Because  EEG  can  detect  electrical  events  in  real 
time,  it  is  very  useful  in  recording  electrical  changes  in  response 
to  momentary  sensory  stimulation;  these  changes  are  called 
event-related  potentials  or  sensory  evoked  potentials.  Evalua- 
tion of  electrical  responses  in  various  clinical  populations  has 
led  to  improved  understanding  of  attention  deficits  and  pro- 
cessing differences  in  individuals  with  schizophrenia,  Hunting- 
ton’s disease,  attention  deficit  disorder,  and  so  forth. 

Genetic  engineering  helps  neuroscientists  to 
ask  and  answer  new  questions 

The  excitement  surrounding  the  completion  of  the  Human 
Genome  Project,  in  which  all  of  the  human  genetic  material 
has  been  mapped,  has  permeated  both  the  scientific  and  the 
popular  press.  Although  the  term  genetic  engineering  evokes 
both  excitement  and  some  trepidation  in  most  people,  the 
technology  has  at  the  very  least  provided  amazing  opportu- 
nities for  neuroscience.  Genetic  engineering  involves  chemi- 
cally modifying  precise  sites  in  the  molecular  structure  of  a 
gene  in  order  to  change  the  structure  of  the  product  pro- 
duced by  normal  gene  expression. 

Targeted  mutations,  or  knockout  techniques  This  new 
method,  based  on  advances  in  molecular  biology,  may  rep- 
resent the  most  sophisticated  of  all  lesioning  techniques  yet 
described.  With  the  ability  to  identify  which  piece  of  the 
chromosomal  DNA  (i.e.,  the  gene)  is  responsible  for  direct- 
ing the  synthesis  of  a particular  protein,  neuroscience  has  the 
opportunity  to  alter  that  gene,  causing  a change  in  the 
expression  of  the  protein.  In  essence,  we  are  producing  an 
animal  model  that  lacks  a particular  protein  (e.g.,  an  enzyme, 
ion  channel,  or  receptor)  so  that  we  can  evaluate  the  post- 
lesioning  behavior.  We  can  also  use  these  animals  to  identify 
the  importance  of  that  protein  to  specific  drug  effects. 

The  procedure  requires  elimination  of  the  gene  in  isolated 
embryonic  cells  by  destroying  the  base  sequence  on  the  chro- 
mosome that  codes  for  a particular  protein.  The  altered 
genes  are  then  inserted  into  fertilized  eggs  of  a foster  mother. 
After  birth,  the  pups  are  examined  for  incorporation  of  the 
altered  DNA  into  their  genes  and  for  the  possible  expression 
of  the  mutation  (e.g.,  altered  behavior).  As  adults  they  are 
bred  to  create  homozygous  mice  that  lack  the  gene  com- 
pletely (knockout  mice).  Comparing  the  behavior  and  drug 
response  of  the  altered  mice  with  those  of  unaltered  animals 


will  tell  us  about  the  function  of  the  protein  that  has  been 
deleted.  For  neuropharmacologists,  the  protein  of  interest  is 
often  a receptor  subtype  or  an  enzyme  that  controls  an 
important  synthesizing  or  metabolizing  process. 

Gene  replacement  A second  strategy  involves  the  replace- 
ment of  one  gene  for  another,  producing  transgenic  mice. 
As  we  learn  more  about  the  pathological  genes  responsible 
for  neuropsychiatric  diseases  such  as  Huntington’s  and 
Alzheimer’s  diseases,  it  is  possible  to  remove  the  human 
genes  and  insert  them  into  mice  to  produce  true  animal 
models  of  the  disorders.  For  an  example,  see  the  work  by 
Carter  and  coworkers  (1999),  which  measures  motor  deficits 
in  mice  transgenic  for  Huntington’s  disease.  With  authentic 
animal  models,  neuroscience  will  be  able  to  identify  the  cel- 
lular processes  responsible  for  a disorder  and  develop  appro- 
priate treatments. 

As  is  true  for  any  revolutionary  new  technique,  caution  in 
interpreting  the  results  is  warranted.  First,  because  behaviors 
are  not  regulated  by  single  genes  but  by  multiple  interacting 
genes,  changing  or  eliminating  only  one  alters  only  a small 
part  of  the  overall  behavioral  trait.  Second,  compensation  by 
other  genes  for  the  missing  or  overexpressed  gene  may  mask 
the  functional  effect  of  the  mutation.  Third,  since  the  altered 
gene  function  occurs  in  all  tissues  at  all  stages  of  develop- 
ment, it  is  possible  that  changes  in  other  organs  or  other 
brain  areas  are  responsible  for  the  behavioral  changes.  Final- 
ly, since  these  animals  are  developing  organisms,  environ- 
mental factors  also  have  a significant  effect  on  the  ultimate 
gene  expression.  Several  articles  provide  greater  detail  on  the 
potential  pitfalls  of  gene-targeting  studies  (Crawley,  1996; 
Gerlai,  1996;  Lathe,  1996). 

In  addition  to  creating  “mutant”  animals,  the  genetic 
material  can  be  inserted  into  cells  (maintained  in  cell  cul- 
ture) that  do  not  normally  have  a particular  protein  (e.g., 
receptor).  The  normal  cell  division  process  produces  large 
numbers  of  identically  altered  cells,  which  we  call  cloning. 
These  cells  can  then  be  used  to  screen  new  drugs  using  con- 
ventional pharmacological  techniques  for  identifying  ago- 
nists and  antagonists. 

A variation  of  gene  modification  uses  short-term  manipu- 
lations of  the  genetic  material  by  intraventricular  injection  of 
antisense  nucleotides  that  bind  to  targeted  mRNAs,  delay 
their  translation,  and  increase  their  degradation.  Such  treat- 
ment produces  a reversible  “mutant”  animal  whose  behavior 
or  drug  responsiveness  can  be  evaluated.  For  instance,  earlier 
research  suggested  that  a decrease  in  the  function  of  the  neu- 
ropeptide called  vasoactive  intestinal  peptide  (VIP)  in  the 
hypothalamus  (specifically  the  suprachiasmatic  nucleus)  may 
be  responsible  for  the  disturbances  in  circadian  rhythms  that 
occur  during  aging.  To  test  this  hypothesis,  Harney  et  al. 
(1996)  used  antisense  oligonucleotides  that  targeted  VlP-con- 
taining  neurons  in  the  suprachiasmatic  nucleus.  Figure  4.16 
shows  the  reduction  in  VIP  concentration  in  the  suprachias- 
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Figure  4.1 6 Effect  of  antisense  on  protein  synthesis 

Vasoactive  intestinal  peptide  (VIP)  concentrations  in  the 
suprachiasmatic  nucleus  of  the  hypothalamus  are  significantly 
reduced  in  animals  treated  with  antisense  oligonucleotides 
directed  at  VIP  mRNA  as  compared  to  control  animals.The 
decrease  in  VIP  is  apparent  at  each  of  the  times  measured.  (After 
Harney  et  al.;  1996.) 


matic  nucleus  at  different  times  after  antisense  administra- 
tion. What  the  investigators  found  was  that  suppressing  the 
synthesis  of  VIP  in  this  brain  region  does  indeed  mimic  the 
effect  of  age  on  cyclic  hormone  secretion.  This  technique  is 
well  suited  to  study  the  biological  rhythm  of  reproductive 
hormones  and  their  effects  on  behavior. 


Section  Summary 

The  goals  of  neuropsychopharmacology  are  to  understand 
(1)  the  physiological  and  neurochemical  mechanisms  that 
are  responsible  for  behavior  as  well  as  (2)  how  drugs  inter- 
act with  brain  chemistry  to  modify  that  behavior.  The  tools 
and  techniques  of  neuroscience  allow  us  to  combine  results 
from  studies  using  both  humans  and  other  animals.  Lesion- 
ing  selected  brain  areas  using  a stereotaxic  device  is  the  oldest 
of  the  methods,  but  modifications  to  this  method  that  use 
neurotoxins  to  destroy  cell  bodies  without  damaging  axons 
passing  through  the  area  have  distinct  advantages.  Neuro- 
toxins that  are  selective  for  a particular  neurotransmitter 
provide  the  chance  to  lesion  cells  based  on  neurochemical 
identity.  By  implanting  cannulas  to  deliver  minute  amounts 
of  drugs,  either  agonists  or  antagonists,  to  functioning  ani- 
mals, we  can  test  our  knowledge  of  the  role  of  specific  recep- 
tors in  behavior.  Electrical  stimulation  and  recording  of  the 
brain  likewise  provides  a method  to  evaluate  the  role  of  par- 
ticular cells  in  a behavioral  response. 

Emphasizing  the  role  of  receptors  in  pharmacology,  the 
radioligand  binding  method  has  been  developed  to  evaluate 
the  number  and  affinity  of  specific  receptor  molecules.  To 
locate  these  receptors  more  precisely  in  the  brain,  receptor 


autoradiography,  both  in  vitro  and  in  vivo,  is  used.  The  abil- 
ity to  make  antibodies  to  various  proteins  paves  the  way  for 
more  precise  cellular  localization  of  receptors  or  other  pro- 
tein components  of  cells  like  enzymes.  Immunocytochem- 
istry  uses  the  antibodies  to  precisely  locate  cells  containing  a 
particular  protein,  while  a complementary  technique,  in  situ 
hybridization,  can  tell  us  which  cells  are  manufacturing  a 
given  molecule  by  labeling  cells  with  an  appropriate  mRNA 
probe.  DNA  microarrays  provide  a means  to  simultaneously 
evaluate  the  expression  of  thousands  of  genes  to  identify 
those  involved  in  complex  clinical  diseases  along  with  poten- 
tial therapeutics  to  combat  the  disorders. 

It  is  now  possible  to  visualize  cognitive  functioning  in  the 
human  brain  and  use  animals  to  examine  the  cellular  details 
of  that  functioning.  Computerized  tomography  and  MRI 
provide  detailed  representations  of  the  human  brain.  PET, 
SPECT,  and  fMRI  each  provide  a slightly  different  window 
into  the  working  activity  of  the  human  brain  using  advanced 
computer  technology  to  evaluate  changes  in  cell  function. 
Based  on  the  premise  that  active  brain  cells  use  more  glucose 
and  oxygen  and  receive  increased  cerebral  blood  flow,  the 
computerized  methods  are  analogous  to  autoradiography  but 
can  be  accomplished  in  an  awake  and  functioning  subject. 

Clearly  the  use  of  genetic  engineering  to  create  transgenic 
or  knockout  mice  provides  the  most  sophisticated  type  of 
lesioning  yet  devised.  By  modifying  a single  piece  of  genetic 
material,  the  expression  of  a specific  protein  can  be  modified 
or  eliminated  to  identify  the  biochemical  and/or  behavioral 
function  of  that  protein. 

Bear  in  mind  that  under  normal  circumstances  several  of 
these  techniques  are  used  in  tandem  to  approach  a problem  in 
neuroscience  from  several  directions  (see  Box  4.1).  The  power 
of  these  experimental  tools  is  that  when  they  are  used  togeth- 
er a more  reasonable  picture  emerges  and  conflicting  results 
can  be  incorporated  into  the  larger  picture.  Only  in  this  way 
can  we  uncover  the  neurobiological  substrates  of  cognitive 
function  and  dysfunction.  In  every  case,  interpretation  of  these 
sophisticated  approaches  is  subject  to  the  same  scrutiny  that 
the  earliest  lesion  experiments  required.  Remember,  healthy 
skepticism  is  central  to  the  scientific  method. 

Techniques  in  Behavioral 
Pharmacology 

Evaluating  Animal  Behavior 

The  techniques  of  behavioral  pharmacology  allow  scientists 
to  evaluate  the  relationship  between  an  experimental  manip- 
ulation such  as  a lesion  or  drug  administration  and  changes 
in  behavior.  In  a well-designed  experiment,  it  is  necessary  to 
compare  the  behavior  of  the  experimental  treatment  group 
with  that  of  placebo  control  subjects.  The  neurobiological 
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BOX  4.1 


Using  the  Techniques  of  Neuropsychopharmacology 


The  techniques  of  neuropharmacolo- 
gy and  behavioral  pharmacology  are 
most  often  combined  to  test  hypothe- 
ses of  how  drugs  act  on  CNS  neurons 
to  alter  behavior.  Approaching  a prob- 
lem from  several  different  directions 
reinforces  the  underlying  model  if 
results  are  consistent.  Any  discrepan- 
cies will  cause  the  conceptual  model 
to  be  changed  and  provide  an  avenue 
for  future  research.  In  one  recent 
study,  Picciotto  and  colleagues  (1998) 
created  knockout  (KO)  mice  that 
lacked  one  specific  subunit  of  the 
acetylcholine  receptor.  Such  a muta- 
tion did  not  produce  animals  lacking 
all  acetylcholine  receptors,  but  only 
those  containing  the  p2-subunit.What 
they  discovered  was  that  although  the 
KO  animals  looked  just  like  their  litter- 
mate  controls,  receptor  binding  stud- 
ies showed  that  they  lacked  the  ability 
to  bind  nicotine  in  the  brain. 

Several  different  methods  were 
used  to  show  the  animals'  lack  of  sen- 
sitivity to  nicotine.  Using  in  vivo 
microdialysis  in  combination  with 
HPLC,  they  found  that  in  contrast  to 
control  animals,  intraperitoneal  nico- 
tine administration  failed  to  cause 
dopamine  to  be  released  in  the  stria- 

(A)  Dopamine  release 


turn  of  the  KO  mice  (Figure  A).  Evalu- 
ating the  electrophysiological  dis- 
charge rate  of  dopaminergic  neurons 
also  showed  no  response  to  nicotine 
in  brain  slices  from  the  KO  mice,  while 
controls  responded  with  a moderate 
increase  in  frequency  (Figure  B). 

The  ability  of  nicotine  to  increase 
motor  activity  and  produce  reinforc- 
ing effects  is  believed  to  be  due  to 
nicotine-induced  increase  in 
dopamine  function. The  previous 
experiments  showed  that  the  KO  ani- 
mals failed  to  respond  to  nicotine 
with  an  increase  in  dopamine.  Hence 
the  researchers  predicted  that  the 
mutant  mice  might  show  differences 
in  locomotion  and  also  fail  to  self- 
administer  nicotine.  Surprisingly, 
behavioral  measures  showed  no  dif- 
ferences between  the  two  groups  in 
spontaneous  exploration  in  a novel 
environment  (Figure  C).  However, 
when  they  were  in  a familiar  environ- 
ment, locomotor  activity  was  reduced 
by  50%  in  the  KO  animals  compared 
to  controls.These  results  suggest  that 
endogenous  (normally  occurring) 
acetylcholine  might  act  through  this 
subtype  of  acetylcholine  receptor  to 
regulate  locomotion  but  not 


exploratory  behavior  in  a novel  envi- 
ronment.The  differences  measured  in 
these  two  tests  of  motor  activity  show 
why  even  simple  behavioral  measures 
must  be  evaluated  cautiously. 

To  see  whether  nicotine  is  reinforc- 
ing for  the  KO  mice,  a self-administra- 
tion experiment  was  devised. The  ani- 
mals were  trained  to  work  for 
intravenous  cocaine  injection.  Once  a 
stable  baseline  of  responding  for 
cocaine  was  achieved,  the  cocaine  was 
replaced  with  nicotine  or  saline.  Con- 
trol mice  maintained  a significant 
amount  of  responding  for  nicotine 
over  a 5-day  period,  but  the  response 
of  mutant  mice  was  significantly  dif- 
ferent (Figure  D).The  KO  mice  showed 
a decrease  in  response  over  the  5 
days,  suggesting  that  the  available 
nicotine  injections  were  not  reinforc- 
ing.The  response  for  nicotine  in  KO 
mice  resembled  the  low  response  rate 
produced  by  a replacement  with 
saline  in  normal  mice.  It  would  seem 
that  altering  the  acetylcholine  recep- 
tor prevents  the  stimulation  of 
dopamine  neurons  and  also  prevents 
the  self-administration  of  nicotine. 
From  these  data  and  other  evidence 
(Stolerman  et  al.,  1 995),  the  authors 
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BOX  4.1  (continued) 


(C)  Locomotor  activity 


(D)  Self-administration 
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concluded  that  the  specific  subunit  of 
the  acetylcholine  receptor  that  was 
knocked  out  is  vital  for  the  normal 


Control  Knockout 
Familiar 
environment 


dopamine-enhancing  effects 
of  nicotine  and  the  addictive 
properties  of  the  drug. 


Baseline  12  3 4 

Self-administration,  daily  sessions 


techniques  (such  as  selective  lesioning  and  intracerebral  drug 
administration)  described  earlier  tell  us  very  little  unless  we 
have  an  objective  measure  of  the  behavioral  consequences. 
Behavioral  measures  are  crucial  for  (1)  understanding  the 
neurochemical  basis  of  behavior  as  well  as  drug-induced 
changes  in  that  behavior;  (2)  developing  animal  models  of 
psychiatric  disorders;  and  (3)  screening  the  large  number  of 
newly  designed  and  synthesized  drug  molecules  in  preclinical 
pharmaceutical  settings. 

Animal  testing  needs  to  be  valid  and  reliable  to 
produce  useful  information 

Animal  studies  clearly  have  several  advantages  over  studies 
using  human  subjects.  The  most  obvious  advantage  is  the  use 
of  rigorous  controls.  The  living  conditions  (e.g.,  diet,  exercise, 
room  temperature,  exposure  to  stress,  day-night  cycle)  of  ani- 
mal subjects  can  be  regulated  far  more  precisely  than  those  of 
humans.  In  addition,  the  histories  of  animal  subjects  are  well 
known  and  the  genetic  backgrounds  of  a group  of  animals  are 
very  similar  and  well  characterized.  Finally,  animals  are  the 
most  appropriate  subjects  for  the  study  of  mechanisms  of 
drug  action  because  an  understanding  of  the  electophysio- 
logical  and  neurochemical  bases  of  drug  effects  often  requires 
invasive  techniques  that  are  obviously  unethical  with  human 


subjects.  Consider,  for  example,  the  valuable  information 
gained  from  transgenically  manipulated  animals.  In  addition, 
drugs  can  be  administered  to  animal  subjects  in  ways  not  gen- 
erally appropriate  for  humans,  for  example,  over  long  periods 
of  time  to  determine  toxic  effects  or  the  potential  for  addic- 
tion. Finally,  the  brains  and  behavior  of  nonhuman  mammals 
and  humans  are  similar  enough  to  allow  generalization  across 
species.  For  example,  lesions  of  the  central  nucleus  of  the 
amygdala  of  rats  produce  profound  changes  in  the  animals’ 
conditioned  emotional  response.  Likewise,  tumors,  strokes, 
or  surgical  procedures  that  damage  the  human  amygdaloid 
complex  produce  profound  changes  in  fearfulness,  anxiety, 
and  emotional  memory. 

The  impact  of  animal  testing  in  biomedical  research  on 
the  quality  of  human  life  (Figure  4.17)  and  its  alternatives  is 
discussed  in  a thought-provoking  manner  by  Hollinger 
(1997).  The  need  for  animal  experimentation  is  best  seen 
under  conditions  when  research  is  impossible  using  human 
subjects,  as  when  testing  the  effects  of  alcohol  on  fetal  devel- 
opment. Ethical  constraints  prohibit  researchers  from 
administering  varying  doses  of  alcohol  to  groups  of  preg- 
nant women  to  evaluate  the  effects  on  their  newborns. 
Instead,  data  collected  on  alcohol  consumption  during  preg- 
nancy and  the  occurrence  of  fetal  alcohol  syndrome  (FAS) 
suggests  a relationship  that  tells  us  that  the  more  alcohol  a 
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Figure  4.1 7 A poster  used  to  counter  the 
claims  of  animal  rights  activists  increases 
public  awareness  about  the  benefits  of  animal 
research.  (Courtesy  of  the  Foundation  for  Biomed- 
ical Research.) 
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pregnant  female  consumes,  the  more  likely  it  is  that  her 
infant  will  show  signs  of  FAS.  Although  we  know  that 
infants  of  mothers  who  consume  alcohol  are  more  likely  to 
show  fetal  abnormalities,  the  type  of  study  described  shows 
only  a correlational  relationship;  we  cannot  assume  alco- 
hol causes  FAS  since  other  factors  may  be  responsible  for 
both.  For  example,  poverty,  poor  diet,  or  other  drug  use  may 
both  lead  to  increased  alcohol  consumption  and  cause  devel- 
opmental defects  in  the  fetus.  Therefore,  to  learn  more  about 
how  alcohol  affects  fetal  development,  we  need  to  perform 
animal  studies.  Since  animal  testing  remains  an  important 
part  of  new  drug  development  and  evaluation,  strict  animal 
care  guidelines  have  been  developed  to  ensure  proper  treat- 
ment of  subjects.  The  animal-testing  stage  provides  an 
important  step  between  basic  science  and  the  treatment  of 
human  conditions. 

The  Health  Extension  Act  of  1985  provides  strict  guidelines 
for  the  care  of  animals  used  in  biomedical  and  behavioral 
research.  The  goal  of  the  legislation  is  humane  animal  mainte- 
nance and  experimentation  that  limits  both  the  use  of  animals 
and  animal  distress.  Each  research  institution  must  have  an 
animal  care  committee  that  reviews  each  scientific  protocol 
with  three  considerations  in  mind:  (1)  the  research  should  be 
relevant  to  human  or  animal  health,  advancement  of  knowl- 
edge, or  the  good  of  society;  (2)  alternative  methods  such  as 
computer  simulations  that  do  not  require  animal  subjects 
must  be  considered;  and  (3)  procedures  must  avoid  or  mini- 
mize discomfort,  distress,  and  pain.  Periodic  inspections  of  liv- 
ing conditions  assure  that  they  are  appropriate  for  their  species 
and  contribute  to  health  and  comfort:  size,  temperature,  light- 
ing, cleanliness,  access  to  food  and  water,  sanitation,  and  med- 
ical care  are  ensured.  Animal  care  and  use  committees  have  the 


ability  to  veto  any  studies  that  they  feel  do  not 
meet  all  the  predetermined  criteria. 

Some  animal  tests  used  to  evaluate  drug 
effects  on  physiological  measures  such  as  blood 
pressure  or  body  temperature  closely  resemble 
the  test  used  for  humans.  These  tests  have  high 
face  validity.  However,  for  many  psychiatric 
disorders  the  symptoms  are  described  in  typi- 
cally human  terms,  such  as  a certain  facial 
expression,  altered  mood,  or  disordered  think- 
ing. In  these  cases  a correlated,  quantifiable 
measure  in  an  animal  is  substituted  for  a more 
cognitive  human  behavior  for  testing  purposes. 
When  the  correlation  is  strong,  a drug  that 
modifies  rat  behavior  in  a specific  way  can  be 
expected  to  predictably  alter  a particular  human  behavior, 
even  though  the  two  behaviors  seem  unrelated.  For  instance,  if 
a new  drug  were  to  reduce  apomorphine-induced  hyperactiv- 
ity in  rats,  tests  on  humans  might  show  it  to  be  effective  in 
treating  schizophrenia  (see  Chapter  17).  Tests  such  as  these 
have  low  face  validity.  However,  if  the  drug  effects  in  the  labo- 
ratory test  closely  parallel  or  predict  the  clinical  effect,  the  tests 
may  be  said  to  demonstrate  construct  validity,  or  empirical 
validity.  To  be  optimal,  an  animal  behavioral  test  should  also: 

1.  Be  specific  for  the  class  of  drug  being  screened.  If  antide- 
pressants, for  example,  produce  a consistent  response  in  a 
behavioral  test,  we  would  probably  not  want  to  see  anal- 
gesic drugs  producing  the  same  effect. 

2.  Be  sensitive  so  that  the  doses  used  are  in  a normal  thera- 
peutic range  and  show  a dose-response  relationship. 

3.  Demonstrate  the  same  rank  order  of  potency  (i.e.,  rank- 
ing drugs  according  to  the  dose  that  is  effective)  as  the 
drugs’  order  of  potency  in  therapeutic  action. 

In  addition,  good  behavioral  measures  have  high  reliability, 
meaning  that  the  same  results  will  be  recorded  each  time  the 
test  is  used  (Treit,  1985).  Valid  and  reliable  animal  tests  are 
an  important  component  of  the  preclinical  trials  for  new 
drug  development  (Box  4.2). 

A wide  variety  of  behaviors  are  evaluated  by 
psychopharmacologists 

There  are  many  behavioral  tests  used  by  psychopharmacol- 
ogists and  they  vary  considerably  in  complexity,  time  need- 
ed to  be  carried  out,  and  cost,  as  well  as  validity  and  relia- 
bility. In  this  next  section  we  will  describe  just  a few  of  the 
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BOX  4.2 


Clinical  Applications 


Drug  Development 
and  Testing 

All  new  drugs  produced  and  sold  by 
pharmaceutical  companies  must  be 
approved  by  thefood  and  Drug 
Administration  (FDA).  For  approval 
they  must  be  demonstrated  to  be 
both  effective  and  safe.  Design  and 
testing  of  new  drugs  is  a long,  com- 
plex, and  expensive  procedure  involv- 
ing extensive  evaluation  in  both  labo- 
ratory and  clinical  settings.The 
process  utilizes  many  of  the  methods 
we  have  discussed  so  far  in  addition 
to  extensive  testing  in  humans  (Zivin, 
2000). 

The  figure  shows  a timeline  of  typi- 
cal drug  development  beginning  with 
preclinical  trials,  which  include  in  vitro 
neuropharmacological  methods,  such 
as  receptor  binding,  autoradiography, 
and  so  forth.  In  vivo  animal  studies 
provide  important  information  about 
pharmacokinetics  (absorption,  distri- 
bution, and  metabolism),  the  effective 
dose  range,  and  the  toxic  and  lethal 
doses.  In  addition,  animal  behavioral 
models  and  animal  models  of  neuro- 
logical and  psychiatric  disorders  pro- 


vide a means  to  screen  and  evaluate 
potentially  useful  drugs.  Following 
preclinical  testing,  a drug  considered 
safe  is  tested  with  humans  in  three 
distinct  phases.  In  Phase  1,the  drug  is 
evaluated  for  toxicity  and  pharmaco- 
kinetic data  in  a small  group  of 
healthy  human  volunteers.  In  Phase  2, 
limited  clinical  testing  is  conducted  to 
evaluate  the  drug's  effectiveness  in 
treating  a particular  disease.  Finally, 
the  drug  is  tested  again  in  large  clini- 
cal trials  (Phase  3)  involving  thou- 
sands of  patients  and  multiple  testing 
sites  around  the  country.  After  the 
third  phase  is  completed,  the  FDA  can 
evaluate  the  data  collected  on  both 
effectiveness  and  safety.  Finally,  if  the 
drug  receives  FDA  approval,  it  can  be 
marketed  and  sold. Once  in  general 
use,  the  drug  may  still  be  evaluated 
periodically  and  new  warnings  issued 
to  maximize  safety  by  monitoring 
adverse  reactions,  dangerous  drug 
interactions,  and  product  defects. 
Although  arguments  that  new  drugs 
are  excessively  expensive  to  the  con- 
sumer are  valid,  it  is  important  to 
understand  that  as  few  as  20%  of  new 
drugs  tested  reach  final  approval. That 
means  that  the  remaining  80%  are 
eliminated  only  after  testing  that  is 


both  time-consuming  and  expensive. 
The  clinical  phases,  for  example,  cost 
approximately  $10  million  (Phase  1), 
$20  million  (Phase  2),  and  $45  million 
(Phase  3). 

To  protect  its  investment,  a phar- 
maceutical company  is  encouraged  to 
patent  its  drug  so  that  no  other  com- 
pany can  sell  it  for  a period  of  20 
years.The  company  develops  a trade 
name  (also  called  a proprietary  name) 
and  has  exclusive  rights  to  market 
that  product.  After  20  years  the  drug 
becomes  "generic,"  and  other  compa- 
nies can  manufacture  and  sell  their 
own  formulations  of  the  drug  after 
proving  to  the  FDA  that  they  are 
equivalent  to  the  original,  with  similar 
bioavailability.  Once  the  patent  has 
expired,  the  drug  may  acquire  a vari- 
ety of  trade  names,  each  developed 
by  the  individual  manufacturer.  For 
example,  the  newly  patented  drug 
buspirone  is  called  BuSpar  by  its  man- 
ufacturer. In  contrast,  since  the  patent 
on  chlordiazepoxide  has  expired,  the 
original  manufacturer  is  still  market- 
ing Librium,  but  other  pharmaceutical 
companies  now  produce  chlor- 
diazepoxide under  the  trade  names 
Reposans,  Sereen,and  Mitran. 


Approval 


Stages 


Procedure 


Investigational  new  drug 
application  sent  to  FDA 


New  drug  application 
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Preclinical 
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available  procedures,  many  of  which  will  be  referred  to  in 
subsequent  chapters. 

Simple  behavioral  observation  Many  simple  observa- 
tions of  untrained  behaviors  require  little  or  no  instrumen- 
tation. Among  the  observations  made  are  measures  of 
tremors,  ptosis  (drooping  eyelids),  salivation,  defecation, 
catalepsy,  reflexes,  response  to  tail  pinch,  and  changes  in  eat- 
ing or  drinking.  Animals  demonstrating  catalepsy  are  still 
and  immobile  and  will  sometimes  remain  in  an  unusual  pos- 
ture if  positioned  by  the  experimenter.  The  time  it  takes  for 
the  animal  to  return  to  normal  posture  gives  an  indication 
of  the  extent  of  catalepsy.  The  use  of  catalepsy  as  a test  to 
identify  antipsychotic  drugs  that  produce  motor  side  effects 
demonstrates  the  usefulness  of  screening  tests  that  are  not 
clearly  related  to  human  behavior  (see  Chapter  17). 

Measures  of  motor  activity  These  measures  identify  drugs 
that  produce  sleep,  sedation,  or  loss  of  coordination  or,  in 
contrast,  drugs  that  stimulate  activity.  Spontaneous  activity 
can  be  measured  in  a variety  of  ways.  One  popular  method 
counts  the  number  of  times  infrared  light  beams  (invisible  to 
rodents)  directed  across  a designated  space  are  broken.  Auto- 
mated video  tracking  with  computerized  analysis  is  a second 
method.  A third,  less  automated  technique  (open  field  test) 
involves  placing  the  animal  in  a prescribed  area  that  is  divid- 
ed into  squares  so  the  investigator  can  record  the  number  of 
squares  traversed  in  a unit  of  time.  It  is  also  possible  to  count 
the  number  of  fecal  droppings  and  to  observe  the  amount  of 
time  an  animal  spends  along  the  walls  of  the  chamber  rather 
than  venturing  toward  the  open  space.  High  fecal  counts  and 
low  activity  that  is  primarily  at  the  perimeter  of  the  cage  are 
common  indicators  of  anxiety. 

Measures  of  analgesia  Analgesia  is  the  reduction  of  per- 
ceived pain  without  loss  of  consciousness.  Analgesia  testing 
with  human  subjects  is  difficult  because  the  response  to 
experimentally  induced  pain  is  quite  different  than  that  to 
chronic  or  pathological  pain,  in  which  anxiety  and  the  antic- 
ipation of  more  pain  influence  the  individual’s  response.  Of 
course,  we  cannot  know  whether  an  animal  “feels  pain”  in  the 
same  way  that  a human  does,  but  we  can  measure  the  ani- 
mal’s avoidance  of  a noxious  stimulus.  One  simple  test  is  the 
tail-flick  test,  in  which  heat  produced  by  a beam  of  light  (the 
intensity  of  which  is  controlled  by  a rheostat)  is  focused  on  a 
portion  of  a rat’s  tail  (Figure  4.18).  The  latency  between  onset 
of  the  stimulus  and  the  animal’s  removal  of  its  tail  from  the 
beam  of  light  is  assumed  to  be  correlated  with  pain  intensity. 

Tests  of  learning  and  memory  Objective  measures  of 
learning  and  memory,  accompanied  by  careful  interpretation 
of  the  results,  are  important  whether  you  are  using  animal 
or  human  subjects.  Keep  in  mind  that  these  tests  very  often 
do  not  determine  whether  altered  responses  are  due  to  drug- 
induced  changes  in  attention  or  motivation,  consolidation  or 


Normal  Latency  after 

latency  (s)  analgesic  (s) 

Figure  4.1 8 The  tail-flick  test  of  analgesia  measures  the 
response  of  the  animal  to  a thermal  stimulus.The  quantitative 
measure  made  is  the  time  between  the  onset  of  the  light  beam, 
which  provides  heat,  and  the  movement  of  the  tail.The  clocks 
show  that  the  response  to  the  noxious  stimulus  is  delayed  fol- 
lowing treatment  with  an  analgesic  that  is  known  to  reduce 
pain  in  humans.  (After  Hamilton  and  Timmons,  1990.) 


retrieval  of  the  memory,  or  other  factors  contributing  to 
overall  performance.  Unless  these  other  factors  are  consid- 
ered, tests  of  learning  are  open  to  misinterpretation.  Despite 
the  challenges  posed,  finding  new  ways  to  manipulate  the 
neurotransmitters  involved  in  these  functions  will  be  central 
to  developing  drugs  that  are  useful  in  treating  memory 
deficits  due  to  normal  aging  or  neurological  injuries  or  dis- 
eases such  as  Alzheimer’s  and  other  dementias.  There  are  a 
wide  variety  of  tests  available  that  depend  on  the  presenta- 
tion of  information  (training  stage)  followed  by  a delay  and 
then  the  opportunity  for  performance  (test  stage).  Higher 
cognitive  processes  can  be  evaluated  by  creating  situations  in 
which  reorganization  of  the  information  presented  is  neces- 
sary before  the  appropriate  response  can  be  made. 

Mazes  Although  the  size  and  complexity  of  mazes  can  vary 
dramatically,  what  they  have  in  common  is  a start  box  at  the 
beginning  of  an  alley  with  one  (T-maze)  or  more  (multiple  T- 
maze)  choice  points  that  lead  to  the  final  goal  box,  which  con- 
tains a small  piece  of  food  or  other  reward.  A hungry  rat  is  ini- 
tially given  an  opportunity  to  explore  the  maze  and  find  the 
food  goal.  On  subsequent  trials,  learning  is  evaluated  based  on 
the  number  of  errors  at  choice  points  and/or  the  time  taken 
to  reach  the  goal  box.  Careful  evaluation  of  results  is  needed 
because  drug-induced  changes  in  behavior  may  be  due  to  a 
change  in  either  learning  or  motivation  (e.g.,  does  the  drug 
make  the  animal  more  or  less  hungry?  sedated?  disoriented?). 

Spatial  learning  tasks  help  us  investigate  the  role  of  spe- 
cific brain  areas  and  neurotransmitters,  such  as  acetylcholine, 
in  forming  memories  for  the  relative  locations  of  objects  in 
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Figure  4.19  The  radial  arm  maze  has  a 

central  start  box  (S)  and  a number  of  arms  or 
alleys  radiating  from  the  center.  Goal  areas  (G) 
containing  food  are  at  the  end  of  each  arm. 


the  environment.  One  special  type  of 
maze,  the  radial  arm  maze,  is  made  up 
of  multiple  arms  radiating  away  from  a 
central  choice  point  (Figure  4.19)  with 
a small  piece  of  food  at  the  end  of  each 
arm.  With  very  little  experience,  normal 
rats  learn  to  forage  efficiently  by  visiting 
each  arm  only  once  on  a given  day,  indi- 
cating effective  spatial  memory  for  that 
particular  episode.  The  task  can  be 
made  more  complex  by  blocking  some  arms  on  the  initial 
trial  before  the  animal  is  returned  to  the  central  choice  point. 
The  animal  is  expected  to  remember  which  arms  have 
already  been  entered  and  move  down  only  those  that  still 
contain  food.  For  a normal  rat  the  task  is  not  complex,  since 
it  mimics  the  foraging  behavior  of  animals  in  the  wild,  where 
they  must  remember  where  food  has  been  found.  But  ani- 
mals with  selective  lesions  in  the  hippocampus  (and  other 
areas)  as  well  as  those  injected  with  a cholinergic-blocking 
drug  show  significant  impairment.  Low  doses  of 
alcohol  also  interfere  with  spatial  memory.  Because 
the  arms  are  identical,  the  animals  must  use  cues  in 
the  environment  to  orient  themselves  in  the  maze, 
hence  the  need  for  spatial  memory.  The  task  is  simi- 
lar to  our  daily  activity  of  driving  home  from  work. 

Not  only  do  we  need  to  recognize  each  of  the  land- 
marks along  our  route,  but  we  must  learn  the  relative 
locations  of  the  objects  with  respect  to  each  other.  As 
we  move  along  our  route,  our  perceptions  of  the 
objects  and  their  relative  locations  to  us  tell  us  where 
we  are  and  where  we  should  be  going.  Failure  in  this 
complex  cognitive  process  is  characteristic  of 
Alzheimer’s  patients  who  wander  away  and  fail  to 
find  their  way  home. 

A second  test  of  spatial  learning,  the  Morris  water 
maze,  uses  a large  circular  pool  of  water  that  has 
been  made  opaque  by  the  addition  of  milk  or  a dye. 
Animals  placed  in  the  pool  must  swim  until  they  find 


Figure  4.20  The  Morris  water  maze  is  a circular 
pool  filled  with  opaque  water.The  escape  platform  is 
approximately  1 cm  below  the  water  level.The  rat's 
task  is  to  locate  the  submerged,  hidden  platform  by 
using  visuospatial  cues  available  in  the  room.  A video 
camera  is  mounted  above  the  pool  and  is  connected 
to  the  video  recorder  and  computer  link  to  trace  the 
individual  swim  path.  (After  Kolb  and  Whishaw,  1 989.) 


the  escape  platform  that  is  hidden  from  view  just  below  the 
surface  of  the  water  (Figure  4.20).  The  subject  demonstrates 
that  it  has  learned  the  spatial  location  of  the  submerged  plat- 
form by  navigating  from  different  starting  positions  to  the 
platform.  Since  there  are  no  local  cues  to  direct  the  escape 
behavior,  successful  escape  requires  the  learning  of  the  spatial 
position  of  the  platform  relative  to  landmarks  outside  the 
pool.  When  curtains  surrounding  the  pool  are  drawn  to 
block  external  visual  cues,  performance  falls  to  chance  lev- 
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els,  demonstrating  the  importance  of  visuospatial  cues.  As  a 
laboratory  technique,  the  water  maze  has  several  advantages. 
No  extensive  pretraining  is  required,  and  testing  can  be  car- 
ried out  over  short  periods  of  time.  Escape  from  water  moti- 
vates without  the  use  of  food  or  water  deprivation  or  electric 
shock;  this  makes  interpretation  of  drug  studies  easier,  since 
drug- induced  changes  in  motivation  are  less  likely.  One  dis- 
advantage, however,  is  that  water  immersion  may  cause 
endocrine  or  other  stress  effects  that  can  interact  with  the 
drugs  administered. 

Delayed-response  test  This  design  assesses  the  type  of 
memory  often  impaired  by  damage  to  the  prefrontal  cortex 
in  humans.  It  is  similar  to  tasks  included  in  the  Wechsler 
Memory  Scale,  which  is  used  to  evaluate  working  memory 
deficits  in  humans.  In  this  task  (Figure  4.21),  an  animal 
watches  the  experimenter  put  a piece  of  food  in  one  of  the 
food  boxes  in  front  of  it.  The  boxes  are  then  closed,  and  a 
sliding  screen  is  placed  between  the  monkey  and  the  boxes 
for  a few  seconds  or  minutes  (the  delay).  At  the  end  of  the 
delay,  the  screen  is  removed  and  the  animal  has  the  oppor- 
tunity to  recall  under  which  of  the  covers  food  is  available. 

Visual  short-term  memory  can  be  tested  by  slightly  mod- 
ifying the  procedure.  At  the  beginning  of  the  trial,  an  object 
or  other  stimulus  is  presented  as  the  sample.  After  a short 
delay,  during  which  the  sample  stimulus  is  removed,  the  ani- 
mal is  given  a choice  between  two  or  more  visual  stimuli,  one 
of  which  is  the  same  as  the  sample.  If  the  animal  chooses  the 
pattern  that  matches  the  sample,  it  is  given  a food  reward;  an 
incorrect  response  yields  no  reward  (see  the  section  on  oper- 
ant conditioning  techniques  later  in  the  chapter).  To  make 
the  correct  choice  after  the  interval,  the  animal  must 
“remember”  the  initial  stimulus. 


Measures  of  anxiety  There  are  many  biobehavioral  meas- 
ures available  to  identify  novel  antianxiety  compounds  and 
evaluate  the  neurochemical  basis  of  anxiety.  Most  use 
induced  fear  as  an  analogy  to  human  anxiety.  Some  use 
unconditioned  animal  reactions  such  as  a tendency  to  avoid 
brightly  lit  places  or  heights,  while  others  depend  on  tradi- 
tional learning  designs  (see  the  conflict  test  described  in  the 
section  on  operant  conditioning  later  in  the  chapter).  The 
light-dark  crossing  task  involves  a two-compartment  box 
with  one  side  brightly  lit  (normally  avoided  by  rodents)  and 
the  other  side  dark.  Measures  include  the  number  of  cross- 
ings between  the  bright  and  dark  sections  and  the  amount 
of  time  spent  on  each  side,  as  well  as  total  motor  activity. 
Anxiety-reducing  drugs  produce  a dose-dependent  increase 
in  the  number  of  crossings  and  in  overall  activity  while  also 
increasing  the  amount  of  time  spent  in  the  light.  The  elevat- 
ed plus-maze  is  a cross-shaped  maze  raised  50  cm  off  the 
floor  that  has  two  open  arms  (normally  avoided  due  to  aver- 
sion to  heights)  and  two  arms  with  enclosed  sides.  This  quick 
and  simple  test  shows  a selective  increase  in  open- arm  explo- 
ration following  treatment  with  antianxiety  drugs  and  a 
reduction  following  treatment  with  caffeine  and  ampheta- 
mine, drugs  considered  to  increase  anxiety. 

Measures  of  fear  In  contrast  to  the  spontaneous-behav- 
ior models  described  so  far,  tests  based  on  learned  behaviors 
require  a certain  amount  of  training  and  hence  are  generally 
more  costly  and  time-consuming.  The  conditioned  emo- 
tional response  depends  on  presentation  of  a signal  (a  light 
or  tone)  followed  by  an  unavoidable  electric  shock  to  form  a 
classically  conditioned  association.  When  the  warning  signal 
is  presented  during  ongoing  behavior,  the  behavior  is  sup- 
pressed (i.e.,  “freezing”  occurs).  Although  this  method  has 
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Figure  4.21  The  delayed-response  task 

evaluates  working  memory  by  imposing  a 
delay  between  stimulus  presentation  and 
testing.  (After  Goldman-Rakic,  1 987.) 
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not  always  produced  consistent  results  when  used  to  screen 
antianxiety  drugs,  it  has  become  an  important  tool  in  under- 
standing the  role  of  the  amygdala  and  its  neurochemistry  in 
the  conditioned  fear  response. 

A second  method  is  fear-potentiated  startle,  which  refers 
to  the  enhancement  of  the  basic  startle  response  when  the 
stimulus  is  preceded  by  the  presentation  of  a conditioned 
fear  stimulus.  For  example,  if  a light  has  been  previously 
paired  with  a foot  shock,  the  presentation  of  that  light  nor- 
mally increases  the  magnitude  of  the  startle  response  to  a 
novel  stimulus,  such  as  a loud  clap. 

Measures  of  reward  Although  several  popular  measures 
to  evaluate  the  rewarding  and  reinforcing  effects  of  drugs 
are  operant  techniques  (described  in  the  next  section),  a 
method  called  conditioned  place  preference  relies  on  a clas- 
sically conditioned  association  between  drug  effect  and 
environment  (Figure  4.22)  During  conditioning  trials  over 
several  days,  the  animal  is  injected  with  either  drug  or  saline 
and  consistently  placed  in  one  compartment  or  the  other  so 
that  it  associates  the  environment  with  the  drug  state.  The 
rewarding  or  aversive  effect  of  the  drug  is  determined  in  a 
test  session  in  which  the  animal  has  access  to  both  compart- 
ments and  the  amount  of  time  spent  in  each  is  monitored.  If 
the  drug  is  rewarding,  the  animal  spends  much  more  time 
in  the  compartment  associated  with  the  drug.  If  the  drug  is 
aversive,  the  animal  prefers  the  compartment  associated 
with  saline  injection.  Additionally,  researchers  may  study  the 
biological  basis  for  the  rewarding  effects  by  pretreating  ani- 
mals with  selected  receptor  antagonists  or  neurotoxins  to 
modify  the  place  preference.  Stolerman  (1992)  reviews  sev- 
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Figure  4.22  Place-conditioning  apparatus  The  apparatus 
consists  of  two  distinctly  different  compartments  varying  in  the 
pattern  and  texture  of  floor  and  walls.  Photocells  monitor  the 
animal's  movement.  Each  compartment  is  repeatedly  paired 
with  either  drug  or  saline  injection.  On  the  test  day  the  animal  is 
allowed  free  access  to  both  compartments  and  the  amount  of 
time  spent  in  each  tells  us  whether  the  drug  effect  was  reward- 
ing or  aversive.  (After  Stolerman,  1 992.) 


eral  behavioral  principles  and  methods  related  to  drug 
reward  and  reinforcement. 

Operant  conditioning  techniques  provide 
a sensitive  measure  of  drug  effects 

Operant  conditioning  has  also  made  contributions  to  the 
study  of  drug  effects  on  behavior.  The  underlying  principle 
of  operant  conditioning  is  that  consequences  control  behav- 
ior. An  animal  performs  because  it  is  reinforced  for  doing 
so.  Animals  learn  to  respond  to  obtain  rewards  and  avoid 
punishment. 

Although  it  is  possible  to  train  many  types  of  operant 
responses,  depending  on  the  species  of  animal  used,  experi- 
ments are  typically  carried  out  in  an  operant  chamber  (Skin- 
ner box).  An  operant  chamber  is  a soundproof  box  with  a 
grid  floor  that  can  be  electrified  for  shock  delivery,  a food  or 
water  dispenser  for  rewards,  lights  or  loudspeaker  for  stimu- 
lus cue  presentation,  and  levers  that  the  animal  can  press  (Fig- 
ure 4.23).  Computerized  stimulus  presentation  and  data  col- 
lection provide  the  opportunity  to  measure  the  total  number 
of  responses  per  unit  time.  In  addition,  the  technique  records 
response  rates  and  interresponse  times,  which  provide  a stable 
and  sensitive  measure  of  continuous  behavior. 

In  a brief  training  session,  the  animal  learns  to  press  the 
lever  to  receive  a food  reinforcer.  Once  the  behavior  is  estab- 
lished, the  requirements  for  reinforcement  can  be  altered 
according  to  a predetermined  schedule  (schedule  of  rein- 
forcement). The  rate  and  pattern  of  the  animal’s  behavior  is 
controlled  by  the  schedule,  and  it  allows  us  to  examine  the 
effect  of  a drug  on  the  pattern  of  behavior.  For  instance,  on  a 
fixed-ratio  (FR)  schedule,  reinforcement  is  delivered  after  a 


Figure  4.23  Rat  in  an  operant  chamber  The  rat  can  be 

trained  to  press  the  lever  (response)  to  activate  a food  delivery 
mechanism  (reinforcement).  An  animal  can  also  learn  to  press 
the  lever  to  terminate  or  postpone  shocks  that  can  be  delivered 
through  the  grid  floor.  (Courtesy  of  Med  Associates,  Inc.) 
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fixed  number  of  responses.  Thus,  an  FR-3  schedule  means 
that  the  animal  must  press  the  lever  3 times  to  receive  1 food 
pellet.  Changing  the  fixed  ratio  from  3 to  20  or  45  will  tell  us 
how  hard  the  animal  is  willing  to  work  for  the  reinforcement. 
Interval  schedules  also  are  commonly  used  and  are  charac- 
terized by  the  availability  of  reinforcement  after  a certain 
amount  of  time  has  elapsed  (rather  than  the  number  of  bar 
presses).  Thus,  on  an  FI -2  schedule  (fixed  interval  of  2 min- 
utes), reinforcement  follows  the  first  response  an  animal 
makes  after  2 minutes  have  passed  since  the  last  reinforce- 
ment. Responses  made  during  the  2-minute  interval  are 
“wasted,”  that  is,  they  elicit  no  reinforcement.  This  schedule 
produces  a pattern  of  responding  that  includes  a pause  after 
each  reinforcement  and  a gradual  increase  in  the  rate  of 
responding  as  the  interval  ends.  For  a description  of  other 
variations  in  schedules  and  their  use  in  drug  testing  see  Carl- 
ton (1983). 

Measuring  anxiety  One  classic  method  used  to  evaluate 
anxiety  in  animals  is  the  conflict  test,  originally  designed  by 
Geller  and  Seifter.  The  animals  are  first  trained  to  press  a 
lever  in  the  operant  chamber  for  a standard  (food  or  water) 
reinforcer.  Once  the  behavior  is  established,  the  test  sessions 
involve  two  stages.  In  the  first,  the  animals  press  the  lever  for 
the  reinforcer.  After  10  or  15  minutes,  a tone  signals  a 
change  in  the  procedure:  at  this  point  lever  pressing  pro- 
duces a reinforcer  (approach)  that  is  accompanied  by  a foot 
shock  (avoidance),  producing  an  approach-avoidance  “con- 
flict” for  the  subject.  This  situation  is  considered  analogous 
to  human  anxiety  experienced  in  approach-avoidance  situ- 
ations. As  you  would  expect,  lever  pressing  is  steady  during 
the  reinforced  situation  but  is  reduced  and  variable  during 
the  conflict  procedure.  Antianxiety  drugs  have  no  effect  on 
the  reinforced  schedule  but  increase  the  lever  pressing  dur- 
ing the  conflict  procedure,  indicating  that  punishing  situa- 
tions are  less  inhibiting  than  normal.  Naturally,  one  must  be 
sure  that  the  drugs  being  tested  are  not  analgesics,  which 
might  also  be  expected  to  increase  responding  during  the 
conflict  session. 

Methods  of  assessing  drug  reward  and  reinforcement 

The  simple  FR  schedule  has  been  used  very  effectively  in 
identifying  drugs  that  have  abuse  potential — that  is,  drugs 
that  are  capable  of  inducing  dependence.  We  assume  that  if 
an  animal  will  press  a lever  in  order  to  receive  an  injection  of 
drug  into  the  blood  or  into  the  brain,  the  drug  must  have 
reinforcing  properties.  The  drug  self-administration 
method  (Figure  4.24)  used  with  rodents  is  a very  accurate 
indicator  of  abuse  potential  in  humans.  For  instance,  animals 
will  readily  self-administer  morphine,  cocaine,  and  amphet- 
amine, drugs  that  we  know  are  readily  abused  by  humans.  In 
contrast,  drugs  like  aspirin,  antidepressants,  and  antipsy- 
chotic drugs  are  neither  self-administered  by  animals  nor 


Figure  4.24  The  drug  self-administration  method 

predicts  abuse  liability  of  psychoactive  drugs.  Pressing  the 
lever  according  to  a predetermined  schedule  of  reinforcement 
triggers  drug  delivery  into  a vein  or  into  discrete  brain  areas. 


abused  by  humans.  Table  4.2  lists  some  of  the  drugs  that  are 
reinforcing  in  rhesus  monkeys.  Compare  this  list  with  what 
you  know  about  substances  abused  by  humans. 

Furthermore,  we  can  ask  the  animal  which  of  several  drugs 
it  prefers  by  placing  two  levers  in  the  operant  chamber  and 
training  the  animal  to  press  lever  A for  one  drug  and  lever  B 
for  the  alternative.  Given  free  access  to  the  levers,  the  animals 
choice  will  be  readily  apparent.  An  additional  question  we  can 
pose  regards  how  much  the  animal  really  “likes”  a particular 
drug.  By  varying  the  schedule  of  reinforcement  from  FR-10 
to  FR-40  or  -65,  we  can  tell  how  reinforcing  the  drug  is  by 


TABLE  4.2  Drugs  That  Act  as  Reinforcers  in  the 
Rhesus  Monkey 


Category 

Specific  drug 

Central  stimulants 

Cocaine 

Amphetamine 

Methylphenidate  (Ritalin) 

Nicotine 

Caffeine 

Opiates 

Morphine 

Methadone 

Codeine 

CNS  depressants 

Pentobarbital 

Amobarbital 

Chlordiazepoxide  (Librium) 
Ethyl  alcohol 
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how  hard  the  animal  works  for  the  injection.  The  point  at 
which  the  effort  required  exceeds  the  reinforcing  value  is 
called  the  breaking  point.  The  higher  the  breaking  point,  the 
greater  the  reinforcement  of  the  drug  and  presumably  the 
greater  the  abuse  potential  in  humans.  Drugs  like  cocaine  sus- 
tain incredibly  high  rates  of  responding:  animals  will  lever- 
press  for  drug  reinforcement  until  exhaustion. 

A modification  of  the  method  allows  the  animal  to  self- 
administer  a weak  electric  current  to  discrete  brain  areas  via 
an  indwelling  electrode  (electrical  self-stimulation).  The 
underlying  assumption  is  that  certain  brain  areas  constitute 
“reward”  pathways.  It  is  assumed  that  when  the  animal  works 
to  stimulate  a particular  cluster  of  neurons,  the  electrical 
activation  causes  the  release  of  neurotransmitters  from  the 
nerve  terminals  in  the  region,  which  in  turn  mediate  a 
rewarding  effect.  The  fact  that  pretreatment  with  certain 
drugs,  such  as  morphine  or  heroin,  increases  the  responding 
for  even  low  levels  of  electrical  stimulation  indicates  that  the 
drugs  enhance  the  brain  reward  mechanism  (Esposito  et  al. 
1989).  In  combination  with  mapping  techniques,  this 
method  provides  an  excellent  understanding  of  the  neural 
mechanisms  of  reward  and  the  effects  of  psychoactive  drugs 
on  those  pathways. 

Drugs  as  discriminative  stimuli  A discriminative  stimulus 
is  any  stimulus  that  signals  reinforcement  for  a subject  in  an 
operant  task.  For  example,  “light  on”  in  the  chamber  may  sig- 
nal that  reinforcement  is  available  following  lever  pressing, 
while  “light  out”  signals  that  no  reinforcement  is  available 
regardless  of  the  animal’s  response.  An  animal  that  learns  to 
press  a lever  in  the  presence  of  “light  on”  but  not  during  the 
“light-out”  period  can  discriminate  between  the  two  condi- 
tions. Although  discriminative  stimuli  are  usually  changes  in 
the  physical  environment,  internal  cues  can  also  be  discrimi- 
nated. Thus  an  animal  can  learn  to  press  the  lever  for  rein- 
forcement when  it  experiences  the  internal  cues  associated 
with  a particular  drug  state  (like  the  “light  on”)  and  to  with- 
hold responding  in  a nondrugged  or  different  drug  state  (like 
the  “light  off”).  The  animal’s  response  depends  on  its  discrim- 
inating among  internal  cues  produced  by  the  drug.  For  exam- 
ple, if  an  animal  has  been  trained  to  lever-press  after  receiving 
morphine,  other  opiates  can  be  substituted  for  the  internal  cue 
and  signal  to  the  animal  that  reinforcement  is  present.  Heroin 
or  methadone  are  experienced  like  morphine.  In  contrast, 
drugs  like  amphetamine  or  marijuana,  which  apparently  pro- 
duce subjective  effects  very  different  from  those  of  morphine, 
are  treated  by  the  animals  as  a nonreinforced  cue.  In  this  way 
novel  drugs  can  be  characterized  according  to  how  similar 
their  internal  cues  are  to  those  of  the  known  drug.  The  same 
technique  can  be  used  to  identify  the  neurochemical  basis  for  a 
given  drug  cue.  The  drug  cue  can  be  challenged  with  increas- 
ing doses  of  a suspected  antagonist  until  the  cue  has  lost  its 
effect.  Likewise,  neurotransmitter  agonists  can  be  substituted 


to  find  which  more  closely  resembles  the  trained  drug  cue. 
Goudie  and  Leathley  (1993)  provide  an  excellent  description 
of  the  basic  methodology  of  drug  discrimination  as  well  as  an 
assessment  of  potential  pitfalls. 

Negative  reinforcement  A variation  on  the  FR  schedule 
utilizes  negative  reinforcement,  which  increases  the  proba- 
bility of  a response  that  terminates  an  averse  condition.  This 
technique  can  be  easily  applied  to  operant  analgesia  testing. 
First,  the  animal  is  trained  to  turn  off  an  unpleasant  foot 
shock  by  pressing  the  lever.  In  the  test  phase,  the  researcher 
administers  increasing  amounts  of  foot  shock  up  to  the  point 
at  which  the  animal  responds  by  pressing  the  lever.  The  low- 
est shock  intensity  at  which  the  animal  first  presses  is  con- 
sidered the  aversive  threshold.  Analgesic  drugs  would  be 
expected  to  raise  the  threshold  of  electric  shock.  The  method 
is  very  sensitive  even  to  mild  analgesics  such  as  aspirin.  How- 
ever, an  independent  measure  of  sedation  is  necessary  to  dis- 
tinguish between  failure  to  respond  due  to  analgesia  and  fail- 
ure to  respond  due  to  behavioral  depression. 

Although  clinical  depression  is  typically  a human  condi- 
tion, an  animal  model  utilizing  negative  reinforcement  called 
learned  helplessness  provides  some  fascinating  insights.  In 
this  design,  the  subjects  in  each  of  two  groups  are  exposed  to 
aversive  events  (e.g.,  repetitive  foot  shocks).  The  difference 
between  the  two  groups  is  that  the  control  group  has  the 
opportunity  to  make  a response  (e.g.,  press  a lever)  that  turns 
the  shock  off  for  both  groups,  while  the  experimental  group 
has  no  control  over  the  shock.  Hence,  although  the  experi- 
mental group  cannot  modify  the  shock,  it  receives  the  same 
amount  of  shock  as  the  control  group.  The  question  to  be 
asked  is  how  the  experimental  group  will  behave  in  a new  sit- 
uation that  provides  them  with  the  opportunity  to  help 
themselves.  When  the  animals  are  placed  in  a situation  in 
which  they  can  run  from  an  electrified  shock  chamber  to  a 
non-electrified  chamber,  the  control  group  learns  to  escape 
very  quickly  (Figure  4.25),  while  the  experimental  group 
shows  signs  of  anxiety  but  makes  no  appropriate  response. 
Apparently,  faced  with  their  earlier  experience  in  which  their 
behavior  had  no  effect  on  their  environment,  they  have 
learned  to  be  helpless  and  to  make  no  attempt  to  cope. 
Human  depression  often  follows  a personal  catastrophe  over 
which  the  individual  has  had  no  control,  such  as  death  of  a 
loved  one,  physical  disability,  disease,  or  rejection,  and  these 
individuals  express  feelings  of  hopelessness  and  the  belief 
that  nothing  they  do  has  an  effect.  This  sense  that  they  are 
passive  victims  of  circumstance  provides  the  theoretical 
framework  for  learned  helplessness  as  a model  for  depres- 
sion. The  effectiveness  of  traditional  antidepressant  drugs  in 
reversing  the  helpless  behavior  in  the  animals  further  vali- 
dates the  model.  Chapter  15  discusses  the  neurochemical 
correlates  of  the  experimental  model  and  clinical  depression 
and  further  examines  drug  effects  upon  the  behavior. 
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Figure  4.25  Measuring  learned  helplessness  A shuttle  box 
is  a two-chambered  box  with  a grid  floor  through  which  animals 
receive  a foot  shock  after  a warning  tone.  Since  the  shock  is 
applied  to  only  one  side  of  the  box,  the  animal  can  either  avoid 
or  escape  the  electric  shock  by  moving  to  the  other  side.  Animals 
that  have  experienced  lack  of  control  in  an  earlier  aversive  situa- 
tion fail  to  learn  the  appropriate  response  despite  showing  signs 
of  anxiety.Their "learned  helplessness" is  used  as  an  animal 
model  of  depression.  (Courtesy  of  Med  Associates,  Inc.) 


Section  Summary 

Techniques  in  behavioral  pharmacology  provide  a means  to 
quantify  animal  behavior  for  drug  testing,  developing  mod- 
els for  psychiatric  disorders,  and  evaluating  the  neurochem- 


ical basis  of  behavior.  The  advantages  of  animal  testing 
include  having  a subject  population  with  similar  genetic 
background  and  history,  maintaining  highly  controlled  liv- 
ing environments,  and  being  able  to  use  invasive  neurobio- 
logical  techniques. 

Animal  testing  includes  a wide  range  of  measures  varying 
not  only  in  validity  and  reliability  but  also  in  complexity,  time 
needed  for  completion,  and  cost.  Some  measures  use  simple 
quantitative  observation  of  behaviors  such  as  motor  activity 
and  response  to  noxious  stimuli.  Other  methods  assess  more 
complex  behaviors  such  as  learning  and  memory  using  a vari- 
ety of  techniques  such  as  the  classic  T-maze  as  well  as  mazes 
modified  to  target  spatial  learning:  the  radial  arm  maze  and 
Morris  water  maze.  Animal  models  of  anxiety,  depression, 
addiction,  and  response  to  pain  provide  the  means  to  assess 
human  conditions  and  examine  the  drugs  that  modify  those 
responses.  Operant  conditioning  has  a special  place  in  phar- 
macology and  is  the  basis  for  many  tests  of  addiction  poten- 
tial, anxiety,  and  analgesia.  Each  method  has  benefits  and  lim- 
itations and  must  be  rigorously  evaluated  to  provide  data  that 
produce  nonbiased  and  valid  conclusions. 
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arry  Kidston  was  a student  and  recreational  drug  user  living  in 
Bethesda,  Maryland,  in  1976.  Kidston  had  studied  some  chemistry 
and  used  a home  laboratory  to  synthesize  drugs  for  his  own  use.  On 
one  occasion,  he  took  some  shortcuts  in  the  course  of  making  one  of  his 
favorite  “designer”  drugs,  a compound  abbreviated  MPPP  (this  drug  is  chem- 
ically similar  to  the  analgesic  meperidine,  or 
Demerol).  When  he  injected  himself  with  the  result- 
ing product,  it  produced  a powerful  burning  sensa- 
tion that  had  not  occurred  previously.  More  impor- 
tantly, within  3 days  Kidston  suffered  such  great 
motor  impairment  that  he  was  unable  to  speak  or 
move.  He  was  initially  diagnosed  as  a catatonic  schiz- 
ophrenic and  treated  with  antipsychotic  drugs.  When 
this  treatment  failed  to  improve  his  condition,  Kid- 
ston was  seen  by  a neurologist  who  recognized  his 
condition  as  being  indicative  of  Parkinson’s  disease/ 
This  was  a striking  (although  correct)  diagnosis,  since 
Parkinsons  disease  is  almost  always  a disorder  of 
aging.  What  contaminant  found  its  way  into  Kidston  s 
“home  brew”  that  could  cause  such  rapid  and  devas- 
tating effects?  Can  it  tell  us  anything  about  the  more 
typical,  spontaneously  occurring  cases  of  Parkinson’s 
disease  in  elderly  people? 


* Readers  interested  in  learning  more  about  this  story  and  a group 
of  related  cases  are  referred  to  The  Case  of  the  Frozen  Addicts , by 
Langston  and  Palfreman  (1995). 


Hand  tremors  are  one  of  the  cardinal  symptoms  of 
Parkinson's  diseases  neurological  disorder  caused  by 
degeneration  of  midbrain  dopamine  neurons. 
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Figure  5.1  Structural  features  of  catecholamines  A cate- 
chol nucleus  and  amine  group  are  found  in  all  catecholamines. 

We  will  learn  more  about  Parkinsons  disease  later  in  this 
chapter.  The  point  of  mentioning  it  here  concerns  the  fact  that 
this  disorder  intimately  involves  a neurotransmitter  called 
dopamine  (DA).  Dopamine  and  the  related  substances  nor- 
epinephrine (NE)  and  epinephrine  (EPI)  comprise  a small 
but  important  group  of  neurotransmitters  and  hormones 
called  catecholamines.  The  term  catecholamine  comes  from 
the  fact  that  the  members  of  this  group  all  share  two  chemical 
similarities:  a core  structure  of  catechol  and  a nitrogen-con- 
taining group  called  an  amine  (Figure  5.1).  The  cate- 
cholamines, in  turn,  belong  to  a wider  group  of  transmitters 
called  either  monoamines  (transmitters  that  possess  one 
amine  group)  or  biogenic  amines  (“biogenic”  refers  to  com- 
pounds made  by  living  organisms).  EPI  and  NE  are  sometimes 
called  adrenaline  and  noradrenaline,  respectively.  It  is  impor- 
tant to  note  that  the  adjective  forms  for  these  substances  are 
adrenergic  and  noradrenergic,  although  the  term  adrenergic 
is  sometimes  used  broadly  to  refer  to  NE-  as  well  as  EPI-relat- 
ed  features.  The  adjective  form  for  DA  is  dopaminergic.  Vary- 
ing amounts  of  these  substances  are  found  within  the  central 
nervous  system,  the  peripheral  nervous  system,  and  the  inner 
part  of  the  adrenal  glands  (adrenal  medulla).  The  adrenal 
medulla  secretes  EPI  and  NE  into  the  bloodstream,  where  they 
act  as  hormones.  You  will  recall  from  Chapter  3 that  the  stim- 
ulation of  catecholamine  secretion  from  the  adrenal  glands  is  a 
vital  part  of  the  physiological  response  to  stress. 

The  main  emphasis  in  this  chapter  will  be  on  DA  and  NE, 
as  the  neurotransmitter  function  of  EPI  is  relatively  minor. 
We  will  begin  by  considering  the  basic  neurochemistry  of  the 
catecholamines,  including  their  synthesis,  release,  and  inacti- 
vation. This  will  be  followed  by  a discussion  of  the  neural 
systems  for  DA  and  NE,  including  the  anatomy  of  these  sys- 
tems, the  receptors  for  DA  and  NE,  and  some  of  the  drugs 
that  act  on  these  receptors. 

Catecholamine  Synthesis,  Release, 
and  Inactivation 

Tyrosine  hydroxylase  catalyzes  the  rate-limiting 
step  in  catecholamine  synthesis 

Classical  transmitters  (see  Chapter  3)  like  the  catecholamines 
are  manufactured  in  one  or  more  biochemical  steps.  These 


synthetic  pathways  offer  neurons  a mechanism  for  regulat- 
ing the  amount  of  transmitter  available  for  release.  At  the 
same  time,  they  offer  us  the  opportunity  to  intervene  with 
drugs  that  alter  transmitter  synthesis  in  specific  ways.  For 
example,  we  may  administer  a precursor  that  will  be  con- 
verted biochemically  into  a particular  neurotransmitter.  One 
application  of  this  approach  is  in  neurological  disorders  in 
which  the  neurons  that  make  a certain  transmitter  have  been 
damaged.  Precursor  therapy  represents  an  attempt  to  boost 
transmitter  synthesis  and  release  in  the  remaining  undam- 
aged cells.  Alternatively,  we  may  give  the  subjects  a drug  that 
blocks  a step  in  the  biochemical  pathway,  thereby  causing  a 
depletion  of  the  transmitter  synthesized  by  that  pathway. 
Neurotransmitter  depletion  is  not  as  widely  used  clinically, 
but  it  can  nevertheless  be  valuable  in  certain  experimental 
settings. 

The  synthesis  of  catecholamine  neurotransmitters  occurs 
in  several  steps,  as  shown  in  Figure  5.2.  The  biochemical 
pathway  begins  with  the  amino  acid  tyrosine.  Like  other 
amino  acids,  tyrosine  is  obtained  from  dietary  protein  and  is 
transported  from  the  blood  into  the  brain.  Each  of  the  steps 
in  catecholamine  formation  depends  on  a specific  enzyme 
that  acts  as  a catalyst  (an  agent  that  increases  the  rate  of  a 
chemical  reaction)  for  that  step.  Neurons  that  use  DA  as  their 
transmitter  contain  only  the  first  two  enzymes,  tyrosine 
hydroxylase  (TH)  and  aromatic  amino  acid  decarboxylase 
(AADC),  and  thus  the  biochemical  pathway  stops  at  DA.  In 
contrast,  neurons  that  need  to  synthesize  NE  also  possess  the 
third  enzyme,  which  is  called  dopamine  ^-hydroxylase 
(DBH).* 

The  conversion  of  tyrosine  to  DOPA  by  TFI  occurs  at  a 
slower  rate  than  the  subsequent  reactions  in  the  biochemical 
pathway.  Consequently,  TH  is  the  rate-limiting  enzyme  in 
the  pathway,  because  it  determines  the  overall  rate  of  DA  or 
NE  formation.  The  activity  of  TH  is  regulated  by  a variety  of 
factors,  including  how  much  DA  or  NE  is  present  within  the 
nerve  terminal.  High  catecholamine  levels  tend  to  inhibit 
TH,  thus  serving  as  a negative  feedback  mechanism.  Another 
important  factor  is  the  rate  of  cell  firing,  since  neuronal 
activity  has  a stimulatory  effect  on  TH.  These  elegant  mech- 
anisms enable  dopaminergic  and  noradrenergic  neurons  to 
carefully  control  their  rate  of  neurotransmitter  formation. 
When  the  levels  are  too  high,  TH  is  inhibited  and  cate- 
cholamine synthesis  is  slowed.  But  when  the  neurons  are 
activated  and  firing  at  a high  rate,  such  as  during  stress,  TH  is 
stimulated  and  catecholamine  synthesis  accelerates  to  keep 
up  with  the  increased  demand. 


*It  is  worth  noting  some  of  the  basics  of  how  enzymes  are  named. 
Hydroxylases  like  TH  and  DBH  add  a hydroxyl  group  ( — OH)  to 
the  molecule  they’re  acting  on.  A decarboxylase  like  AADC 
removes  a carboxyl  group  ( — COOH)  from  the  molecule.  These 
reactions  can  be  seen  by  following  the  biochemical  pathway 
shown  in  Figure  5.2. 
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series  of  psychiatric  studies,  AMPT  treatment  caused  a 
return  of  depressive  symptoms  in  patients  who  had  previ- 
ously recovered  following  treatment  with  antidepressant 
drugs  that  act  selectively  on  the  noradrenergic  system 
(Heninger  et  al.,  1996).  This  suggests  that  the  patients’  recov- 
ery was  dependent  on  the  maintenance  of  adequate  cate- 
cholamine levels  in  the  brain. 

The  enzymes  needed  to  synthesize  a classical  neurotrans- 
mitter like  DA,  NE,  acetylcholine,  or  serotonin  are  located 
to  some  extent  throughout  the  neurons  using  that  transmit- 
ter. Nevertheless,  the  rate  of  synthesis  is  greatest  at  the  nerve 
endings,  near  the  sites  of  transmitter  release.  As  mentioned 
in  Chapter  3,  this  is  important  for  the  refilling  of  recycling 
vesicles. 
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Figure  5.2  Catecholamines  are  synthesized  in  a multi- 
step  pathway  from  the  precursor  amino  acid  tyrosine. 

Tyrosine  hydroxylase  and  aromatic  amino  acid  decarboxylase 
are  found  in  all  catecholaminergic  neurons,  whereas  dopamine 
P-hydroxylase  is  present  only  in  cells  that  use  NE  as  their  neuro- 
transmitter. 


As  would  be  expected  from  our  earlier  discussion,  cate- 
cholamine formation  can  be  increased  by  the  administration 
of  a biochemical  precursor  such  as  l-DOPA.  Indeed,  for 
many  years  this  compound  has  been  the  primary  therapeutic 
agent  used  in  the  treatment  of  Parkinson’s  disease.  Drugs 
that  reduce  catecholamine  synthesis  by  inhibiting  one  of  the 
synthetic  enzymes  are  not  as  clinically  important,  but  they 
have  had  widespread  use  in  both  animal  and  human 
research.  The  best  example  is  a drug  known  as  a-methyl- 
para- tyrosine  (AMPT).  This  compound  blocks  TH,  thereby 
preventing  overall  catecholamine  synthesis  and  causing  a 
general  depletion  of  these  neurotransmitters.  In  one  notable 


Catecholamines  are  stored  in 
and  released  from  synaptic  vesicles 

Once  catecholamines  have  been  synthesized,  they  are  trans- 
ported into  synaptic  vesicles  for  later  release  (Figure  5.3). 


Figure  5.3  Catecholaminergic  neurons  use  a vesicular 
monoamine  transporter  protein  (VMAT2)  to  transport 
neurotransmitter  molecules  from  the  cytoplasm  of  the  cell  to 
the  interior  of  the  synaptic  vesicles.This  transport  system  is 
blocked  by  reserpine,  which  causes  a marked  depletion  of  cate- 
cholamine levels  due  to  a lack  of  protection  of  the  transmitter 
from  metabolizing  enzymes  located  outside  of  the  vesicles. 
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Vesicular  packaging  is  important  not  only  because  it  provides 
a means  for  releasing  a predetermined  amount  of  neuro- 
transmitter (usually  several  thousand  molecules  per  vesicle) 
but  also  because  it  protects  the  neurotransmitter  from  degra- 
dation by  enzymes  within  the  nerve  terminal  (see  the  next 
section).  A specific  protein  in  the  vesicle  membrane  is 
responsible  for  vesicular  catecholamine  uptake.  This  protein 
recognizes  several  different  monoamine  transmitters  and  is 
therefore  called  the  vesicular  monoamine  transporter 
(VMAT).  There  are  actually  two  related  VMATs:  VMAT1  is 
found  in  the  adrenal  medulla  whereas  VMAT2  is  present  in 
the  brain.  Both  of  these  vesicular  transporters  are  blocked  by 
an  interesting  drug  called  reserpine,  which  comes  from  the 
roots  of  the  plant  Rauwolfia  serpentina  (snake  root).  Block- 
ing the  vesicular  transporter  means  that  DA  and  NE  are  no 
longer  protected  from  breakdown  within  the  nerve  terminal. 
As  a result,  both  transmitters  temporarily  drop  to  very  low 
levels  in  the  brain.  The  behavioral  consequence  of  this  neu- 
rochemical effect  is  sedation  in  animals  and  depressive 
symptoms  in  humans.  Many  years  ago,  a study  by  the  emi- 
nent Swedish  pharmacologist  Arvid  Carlsson  and  his  col- 
leagues (Carlsson  et  al.,  1957)  showed  that  reserpine  s seda- 
tive effects  could  be  reversed  by  restoration  of 
catecholamines  with  DOPA,  the  immediate  biochemical  pre- 
cursor of  DA  (Figure  5.4).  Carlsson  s work,  which  played  a 
key  role  in  the  development  of  the  catecholamine  theory  of 


(A) 


depression  (see  Chapter  16),  resulted  in  his  being  a co-recip- 
ient of  the  2000  Nobel  Prize  in  Physiology  or  Medicine. 

Release  of  catecholamines  normally  occurs  when  a nerve 
impulse  enters  the  terminal  and  triggers  one  or  more  vesicles 
to  release  their  contents  into  the  synaptic  cleft  by  the  process 
of  exocytosis  (see  Chapter  3).  Certain  drugs,  however,  can 
cause  a release  of  catecholamines  independently  of  nerve  cell 
firing.  The  most  important  of  these  compounds  are  the  psy- 
chostimulants amphetamine  and  methamphetamine.  In 
contrast  to  the  behavioral  sedation  associated  with  reserpine- 
induced  catecholamine  depletion,  catecholamine  release 
leads  to  behavioral  activation.  In  laboratory  animals  such  as 
rats  and  mice,  this  activation  may  be  shown  by  increased 
locomotor  activity.  At  high  doses,  locomotor  activation  is 
replaced  by  stereotyped  behaviors  consisting  of  intense 
sniffing,  repetitive  head  and  limb  movements,  and  licking 
and  biting.  Researchers  believe  that  locomotion  and  stereo- 
typed behaviors  represent  a continuum  of  behavioral  activa- 
tion that  stems  from  increasing  stimulation  of  DA  receptors 
in  the  nucleus  accumbens  and  striatum.  In  humans,  amphet- 
amine and  methamphetamine  cause  increased  alertness, 
heightened  energy,  euphoria,  insomnia,  and  other  behavioral 
effects  (see  Chapter  11). 

Catecholamine  release  is  inhibited  by  autoreceptors  locat- 
ed on  the  cell  bodies,  terminals,  and  dendrites  of  dopamin- 
ergic and  noradrenergic  neurons.  Terminal  autoreceptors 
and  other  features  of  a typical  dopamin- 
ergic neuron  are  illustrated  in  Figure  5.5. 
These  autoreceptors  inhibit  catechol- 
amine release  by  reducing  the  amount  of 
calcium  (Ca2+)  that  enters  the  terminal  in 
response  to  a nerve  impulse  (we  saw  in 
Chapter  3 that  this  Ca2+  entry  is  the  trig- 
gering event  for  synaptic  vesicle  fusion 
with  the  presynaptic  membrane).  Thus,  if 
a dopaminergic  cell  fires  several  action 
potentials  in  a row,  we  can  imagine  that 
DA  released  by  the  first  few  impulses 
stimulates  the  terminal  autoreceptors  and 
reduces  the  amount  of  DA  released  by  the 
later  action  potentials.  On  the  other  hand, 
the  somatodendritic  autoreceptors  func- 
tion in  a different  way.  As  mentioned  in 


Figure  5.4  Role  of  catecholamine 
depletion  in  the  behavioral  depressant 
effects  of  reserpine  (A)  Rabbits  injected 
with  reserpine  (5  mg/kg  intravenously) 
showed  extreme  behavioral  sedation  that 
was  reversed  by  subsequent  treatment  with 
DOPA  (200  mg/kg  intravenously)  (B).(From 
Carlsson,  2001 ; photographs  courtesy  of 
Arvid  Carlsson.) 
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Figure  5.5  A typical  dopaminergic  neuron  possesses 
autoreceptors  on  the  membrane  of  its  terminals.  When  these 
receptors  are  stimulated,  they  inhibit  subsequent  DA  release  by 
the  cell. 


Chapter  3,  these  autoreceptors  inhibit  release  indirectly  by 
reducing  the  rate  of  firing  of  the  cell. 

As  discussed  below,  the  DA  and  NE  systems  possess  a 
number  of  different  subtypes  of  receptors.  Here  we  will  just 
mention  that  the  DA  autoreceptor  is  of  the  D2  receptor  sub- 
type  and  the  NE  autoreceptor  is  of  the  a2  subtype.  Drugs  that 
stimulate  autoreceptors  inhibit  catecholamine  release,  just  like 
the  neurotransmitter  itself.  In  contrast,  autoreceptor  antago- 
nists tend  to  enhance  the  rate  of  release  by  preventing  the 
normal  inhibitory  effect  of  the  autoreceptors.  We  can  see 
these  effects  illustrated  dramatically  in  the  case  of  the  nora- 
drenergic a2-autoreceptor  system.  Withdrawal  from  opioid 
drugs  such  as  heroin  and  morphine  activates  the  noradren- 
ergic system,  which  is  one  of  the  factors  leading  to  withdraw- 
al symptoms  such  as  increased  heart  rate,  elevated  blood  pres- 
sure, and  diarrhea.  For  this  reason,  a2-agonists  such  as 
clonidine  are  often  used  to  treat  the  symptoms  of  opioid 
withdrawal  due  to  their  ability  to  stimulate  the  autoreceptors 
and  inhibit  noradrenergic  cell  firing.  In  contrast,  experimen- 
tal administration  of  the  a2-antagonist  yohimbine,  which 
blocks  the  autoreceptors  and  thus  increases  noradrenergic  cell 
firing  and  NE  release,  was  found  to  provoke  withdrawal 
symptoms  and  drug  craving  in  opioid-dependent  patients 
(Stine  et  al.,  2002)  (Figure  5.6).  Norepinephrine  may  also  be 


Figure  5.6  Noradrenergic  activity  contributes  to  the 
symptoms  of  opioid  withdrawal  When  opioid-dependent 
patients  were  infused  intravenously  either  with  the  a2-receptor 
antagonist  yohimbine  (0.4  mg/kg)  or  a saline  control  solution, 
yohimbine  but  not  saline  caused  a rapid  increase  in  experi- 
menter-rated withdrawal  symptoms  over  the  next  60  minutes. 
(After  Stine  et  al.,  2002.) 


involved  in  producing  feelings  of  anxiety,  especially  in 
patients  suffering  from  a mental  illness  called  panic  disorder 
(see  Chapter  17).  Consequently,  yohimbine  induces  anxiety 
in  such  patients  and  may  even  trigger  a panic  attack  (Char- 
ney  et  al.,  1998).  Such  an  effect  obviously  has  no  therapeutic 
benefit,  but  it  has  provided  useful  research  information  con- 
cerning a possible  role  of  NE  in  panic  disorder  and  other  anx- 
iety-related disturbances. 

Catecholamine  inactivation  occurs  through  a 
combination  of  reuptake  and  metabolism 

The  inactivation  of  catecholamines  depends  on  the  two  dif- 
ferent kinds  of  processes  first  mentioned  in  Chapter  3.  The 
first  process  is  reuptake.  Much  of  the  DA  and  NE  that  is 
released  synaptically  is  taken  up  again  into  the  nerve  terminal 
by  means  of  specific  transporter  proteins  in  the  nerve  cell 
membrane.  That  is,  dopaminergic  neurons  contain  a DA 
transporter  (see  Figure  5.5),  whereas  noradrenergic  neurons 
contain  a slightly  different  protein  that  is  logically  called  the 
NE  transporter.  After  the  neurotransmitter  molecules  are 
returned  to  the  terminal,  some  of  them  are  repackaged  into 
vesicles  for  re-release  while  the  remainder  are  broken  down 
and  eliminated.  It  is  important  to  keep  in  mind  that  neuro- 
transmitter transporters  differ  in  both  their  structure  and 
function  from  the  autoreceptors  discussed  earlier. 

The  importance  of  reuptake  for  catecholamine  function- 
ing can  be  seen  when  the  DA  or  NE  transporter  is  missing. 
For  example,  mutant  mice  lacking  a functional  gene  for  the 
DA  transporter  do  not  show  the  typical  behavioral  activation 
in  response  to  psychostimulants  like  cocaine  or  ampheta- 
mine, whereas  genetic  deletion  of  the  NE  transporter  gene 
causes  increased  sensitivity  to  these  same  drugs  (F.  Xu  et  al., 
2000).  A role  for  the  NE  transporter  in  cardiovascular  func- 


124  Chapter  5 


tion  was  demonstrated  by  a case  study  of  identical  twins  car- 
rying a mutation  of  the  NE  transporter  gene  (Shannon  et  al., 
2000).  The  patients  exhibited  abnormally  high  NE  levels  in 
the  bloodstream,  along  with  heart  rate  and  blood  pressure 
abnormalities.  These  findings  are  consistent  with  animal 
studies  showing  that  transporter-mediated  uptake  plays  a 
vital  role  in  the  normal  regulation  of  catecholamine  activity. 

Since  the  transporters  are  necessary  for  the  rapid  removal 
of  catecholamines  from  the  synaptic  cleft,  transporter-block- 
ing drugs  enhance  the  synaptic  transmission  of  DA  or  NE  by 
increasing  the  amount  of  neurotransmitter  in  the  synaptic  cleft. 
This  is  an  important  mechanism  of  action  of  several  kinds  of 
psychoactive  drugs,  including  the  tricyclic  antidepressants, 
which  inhibit  the  reuptake  of  both  NE  and  the  non-cate- 
cholamine  transmitter  serotonin  (5-HT)  (see  Chapter  16). 
Reboxetine  is  a relatively  new  antidepressant  that  selectively 
inhibits  NE  reuptake  by  blocking  only  the  NE  transporter.  Yet 
another  important  transporter-blocking  drug  is  cocaine,  which 
inhibits  the  reuptake  of  DA,  NE,  and  5-HT  (see  Chapter  11). 

Although  reuptake  can  quickly  terminate  the  synaptic 
actions  of  catecholamines,  there  must  also  be  processes  of 
metabolic  breakdown  to  prevent  excessive  neurotransmitter 
accumulation.  The  breakdown  of  catecholamines  primarily 
involves  two  enzymes,  catechol-O-methyltransferase  (COMT) 
and  monoamine  oxidase  (MAO).  There  are  two  types  of 
MAO:  MAO-A  and  MAO-B.  The  relative  importance  of  each 
one  depends  on  the  species,  brain  area,  and  which  neurotrans- 
mitter is  being  metabolized.  The  action  of  COMT  and  MAO, 
either  individually  or  together,  gives  rise  to  several  cate- 
cholamine metabolites  (breakdown  products).  We  will  only 
mention  the  most  important  ones  here.  In  humans,  DA  has 
only  one  major  metabolite,  which  is  called  homovanillic  acid 
(HVA).  In  contrast,  NE  breakdown  gives  rise  to  several  impor- 
tant compounds,  including  3-methoxy-4-hydroxy-phenylgly- 
col  (MHPG)  and  vanillymandelic  acid  (VMA).  Metabolism  of 
NE  within  the  brain  primarily  leads  to  MHPG,  whereas  VMA 
is  the  more  common  metabolite  in  the  peripheral  nervous  sys- 
tem. The  brain  metabolites  HVA  and  MHPG  make  their  way 
into  the  cerebrospinal  fluid  for  subsequent  clearance  from  the 
brain  into  the  bloodstream  and,  along  with  VMA,  are  eventu- 
ally excreted  in  the  urine.  The  levels  of  these  substances  in  the 
various  fluid  compartments  (that  is,  blood  and  urine  for  all 
three  metabolites  and  cerebrospinal  fluid  for  HVA  and  MHPG) 
provide  a rough  indication  of  catecholaminergic  activity  in  the 
nervous  system.  Such  measurements  have  played  an  important 
role  in  determining  the  possible  involvement  of  these  neuro- 
transmitters in  mental  disorders  such  as  schizophrenia  and 
depression  (see  Chapters  16  and  18). 

Not  surprisingly,  drugs  that  inhibit  catecholamine-metab- 
olizing enzymes  lead  to  an  accumulation  of  these  transmit- 
ters. Historically,  this  has  been  most  important  in  the  case  of 
MAO  inhibitors  such  as  phenelzine  or  tranylcypromine, 
which  have  long  been  used  in  the  treatment  of  clinical  depres- 
sion. More  recently,  COMT  inhibitors  such  as  entacapone 


(Comtan)  and  tolcapone  (Tasmar)  are  being  used  as  supple- 
mental therapies  to  enhance  the  effectiveness  of  l-DOPA  in 
treating  Parkinsons  disease.  This  is  not  so  much  to  prevent 
the  metabolism  of  DA  but  rather  to  block  the  metabolism  of 
l-DOPA  by  COMT  before  the  precursor  reaches  the  brain. 

Before  we  end  this  introductory  section  on  cate- 
cholamines, it  should  be  noted  that  at  least  some  dopamin- 
ergic and  noradrenergic  nerve  terminals  do  not  seem  to  form 
traditional  synaptic  arrangements.  As  a result,  the  neuro- 
transmitter molecules  released  from  these  terminals  might 
reach  multiple  target  cells  after  diffusing  a short  distance 
through  the  extracellular  space.  This  phenomenon,  called 
volume  transmission,  is  somewhat  like  broadcasting  a mes- 
sage to  a group  of  people  over  a loudspeaker  instead  of  talk- 
ing only  to  the  person  next  to  you  in  the  room,  which  would 
be  the  analogy  for  standard  point-to-point  synaptic  trans- 
mission. Catecholamine  systems  are  not  the  only  ones  in 
which  volume  transmission  occurs  (for  example,  the  gaseous 
messenger  nitric  oxide  operates  exclusively  through  volume 
transmission),  but  they  were  among  the  first  systems  in 
which  this  phenomenon  was  demonstrated. 

Section  Summary 

The  major  catecholamine  transmitters  in  the  brain  are  DA 
and  NE.  These  substances  are  synthesized  in  several  steps 
from  the  amino  acid  tyrosine.  The  first,  and  also  rate-limit- 
ing, step  in  this  biochemical  pathway  is  catalyzed  by  the 
enzyme  TH.  Once  they  have  been  synthesized,  cate- 
cholamines are  stored  in  synaptic  vesicles  for  subsequent 
release.  The  process  of  release  is  controlled  by  inhibitory 
autoreceptors  located  on  the  cell  body,  dendrites,  and  termi- 
nals of  catecholamine  neurons.  DA  autoreceptors  are  of  the 
D2  subtype,  whereas  NE  autoreceptors  are  of  the  oc2  subtype. 
Catecholamines  are  inactivated  by  reuptake  from  the  synap- 
tic cleft  and  also  by  enzymatic  degradation.  MAO  and 
COMT  are  two  enzymes  important  in  catecholamine  metab- 
olism. The  major  catecholamine  metabolites  are  HVA  for 
DA,  and  MHPG  and  VMA  for  NE.  Certain  drugs  can  modify 
catecholaminergic  function  by  acting  on  the  processes  of 
synthesis,  release,  reuptake,  or  metabolism.  Some  of  these 
compounds  are  used  either  clinically  to  treat  various  disor- 
ders or  experimentally  to  study  the  DA  or  NE  systems. 

Organization  and  Function  of  the 
Dopaminergic  System 

Two  important  dopaminergic  cell  groups  are 
found  in  the  midbrain 

In  the  early  1960s,  Swedish  researchers  first  began  to  map  the 
location  of  DA-  and  NE -containing  nerve  cells  and  fibers  in 
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the  brain  (Dahlstrom  and  Fuxe,  1964).  They  developed  a (A) 
classification  system  in  which  the  catecholamine  cell  groups 
(clusters  of  neurons  that  stained  for  either  DA  or  NE)  were 
designated  with  the  letter  “A”  plus  a number  from  1 to  16. 
According  to  this  system,  cell  groups  A1  to  A7  are  noradren- 
ergic, whereas  groups  A8  to  A16  are  dopaminergic.  In  this 
book,  we  will  focus  only  a few  catecholaminergic  cell  groups 
that  are  of  particular  interest  to  psychopharmacologists.  To 
identify  the  various  systems  arising  from  these  cells,  we  will 
use  both  the  Swedish  classification  system  and  standard 
anatomical  names. 

Several  dense  clusters  of  dopaminergic  neuronal  cell  bod- 
ies are  located  near  the  base  of  the  mesencephalon  (mid- 
brain). Particularly  important  is  the  A9  cell  group,  which  is 
associated  with  a structure  called  the  substantia  nigra,  and 
the  A 10  group,  which  is  found  in  a nearby  area  called  the 
ventral  tegmental  area  (VTA).  Axons  of  dopaminergic  neu- 
rons in  the  substantia  nigra  ascend  to  a forebrain  structure 
known  as  the  caudate-putamen  or  striatum.  Nerve  tracts  in 
the  central  nervous  system  are  often  named  by  combining 
the  site  of  origin  of  the  fibers  with  their  termination  site. 

Hence,  the  pathway  from  the  substantia  nigra  to  the  striatum 
is  called  the  nigrostriatal  tract  (Figure  5.7A).  This  tract  is 
severely  damaged  in  Parkinsons  disease  (Box  5.1).  Because 
the  most  prominent  symptoms  of  Parkinson  s disease  reflect 
deficits  in  motor  function  (for  example,  tremors,  postural 
disturbances,  and  difficulty  in  initiating  voluntary  move- 
ments), it  is  clear  that  the  nigrostriatal  DA  tract  plays  a cru- 
cial role  in  the  control  of  movement. 

Two  other  important  ascending  dopaminergic  systems 
arise  from  cells  of  the  VTA.  Some  of  the  axons  from  these 
neurons  travel  to  various  structures  of  the  limbic  system, 
including  the  nucleus  accumbens,  septum,  amygdala,  and 
hippocampus.  These  diverse  projections  constitute  the 
mesolimbic  dopamine  pathway  (“meso”  represents  mesen- 
cephalon, which  is  the  site  of  origin  of  the  fibers;  “limbic” 
stands  for  the  termination  of  fibers  in  structures  of  the  lim- 
bic system)  (Figure  5.7B).  Other  DA-containing  fibers  from 
the  VTA  go  to  the  cerebral  cortex,  particularly  the  prefrontal 
area.  This  group  of  fibers  is  termed  the  mesocortical 
dopamine  pathway  (Figure  5.7C).  Together,  the  mesolimbic 
and  mesocortical  pathways  are  very  important  to  psy- 
chopharmacologists because  they  have  been  implicated  in 
the  neural  mechanisms  underlying  drug  abuse  (see  Chapter 
8)  and  also  schizophrenia  (see  Chapter  18). 

A few  other  sites  of  dopaminergic  neurons  can  be  men- 
tioned briefly.  For  example,  there  is  a small  group  of  cells  in 
the  hypothalamus  that  gives  rise  to  the  tuberohypophyseal 
dopamine  pathway.  This  pathway  is  important  in  control- 
ling the  secretion  of  the  hormone  prolactin  by  the  pituitary 
gland.  There  are  also  DA-containing  neurons  within  sensory 
structures  such  as  the  olfactory  bulbs  and  the  retina. 

To  examine  the  role  of  catecholamines  in  behavior, 
researchers  sometimes  damage  these  systems  in  an i- 
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Figure  5.7  The  ascending  DA  system  can  be  divided  into 
three  pathways. The  nigrostriatal  pathway  (A)  originates  in 
the  substantia  nigra  (A9  cell  cluster)  and  innervates  the  cau- 
date-putamen (striatum). The  mesolimbic  pathway  (B  and  C) 
originates  in  the  ventral  tegmental  area  (VTA)  (A1 0 cell  cluster) 
and  innervates  various  limbic  system  structures  such  as  the 
nucleus  accumbens,  hippocampus,  lateral  septum,  and  amyg- 
dala (not  shown  here). The  mesocortical  pathway  (C)  also  origi- 
nates in  the  VTA  and  innervates  the  cerebral  cortex. 


mals  and  then  evaluate  the  resulting  functional  changes. 
Catcholamine  pathways,  particularly  those  using  DA,  can 
be  lesioned  using  the  substance  6-hydroxydopamine 
(6-OHDA).  This  substance  is  a neurotoxin,  which  means 
that  it  causes  injury  or  death  to  nerve  cells.  To  lesion  the  cen- 
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Clinical  Applications 


BOX  5.1 


Parkinson's  Disease— A "Radical" Death 
of  Dopaminergic  Neurons? 


Some  diseases  of  the  brain  cause  a 
progressive  loss  of  neurons  and  their 
synaptic  connections.  Of  these  so- 
called  neurodegenerative  diseases, 
one  of  the  best  known  is  Parkinson's 
disease  (PD). This  disorder  currently 
afflicts  approximately  1 .5  million  Amer- 
icans, most  of  whom  are  over  60  years 
old.The  major  symptoms  of  PD  involve 
movement.They  include  tremors,  rigid- 
ity, bradykinesia  (poverty  or  slowing  of 
movement), and  postural  disturbances. 
But  PD  is  not  just  a motor  disorder. 
Many  patients  exhibit  varying  degrees 
of  cognitive  dysfunction,  sometimes  so 
extreme  as  to  constitute  dementia 
(severe  impairment  of  memory, 
abstract  thinking,  and  language). 

The  London  physician  James 
Parkinson  published  the  first  clinical 
account  of  the"shaking  palsy" 
(Parkinson's  term  for  the  disorder)  in 
1817.  However,  the  neurological  basis 
of  PD  remained  unknown  for  more 
than  100  years,  until  a histopathologi- 
cal  examination  of  the  brains  of  PD 
patients  showed  a striking  loss  of 
nerve  cells  in  the  substantia  nigra. 

The  term  substantia  nigra  actually 
means"black  substance, "which 
derives  from  the  fact  that  the  cells 
within  this  structure  appear  dark 
even  when  unstained  because  of 
their  content  of  a neuronal  pigment 
called  neuromelanin.  Indeed,  these 
pigmented  cells  are  exactly  the  ones 
that  are  lost  in  PD  (Figure  A). 

More  importantly,  this  collection  of 
cells  use  DA  as  their  main  neurotrans- 
mitter. Thus,  when  one  stains  for  TH 
immunohistochemically  (as  a marker 
for  DA  neurons)  instead  of  relying  on 
the  cells' pigmentation,  the  same  neu- 
ronal loss  can  be  seen  in  the  substan- 
tia nigra  of  PD  patients.This  cellular 
degeneration  is  accompanied  by  a 
severe  decline  (>80%)  in  DA  content 
of  the  corpus  striatum  (caudate  nucle- 


us and  putamen),the  major  termina- 
tion point  of  the  nigral  axons. 

There  is  no  doubt  that  progressive 
damage  to  the  ascending  dopaminer- 
gic system,  particularly  the  nigrostriatal 
pathway,  is  largely  responsible  for  the 
motor  disturbances  of  PD. This  asser- 
tion is  based  on  four  types  of  findings. 

1.  Parkinsonian  symptoms  begin  to 
appear  once  striatal  DA  levels 
decline  by  70  to  80%  from  normal. 

2.  Beyond  this  threshold  for  symp- 
tom appearance,  there  is  a correla- 
tion between  the  degree  of  dam- 
age to  the  dopaminergic  system 
and  symptom  severity  (Figure  B). 

3.  Destruction  of  the  nigrostriatal  DA 
pathway  or  blockade  of  striatal  DA 
receptors  in  either  experimental 
animals  or  humans  causes  motor 
deficits  resembling  those  seen  in  PD. 

4.  Pharmacotherapies  aimed  at 
increasing  DA  availability  or  stimu- 
lating DA  receptors  reduce  the 
behavioral  symptoms. 


How  does  a loss  of  striatal  DA  result  in 
such  profound  behavioral  distur- 
bances? The  answer  to  this  question 
revolves  around  the  motor  functions 
of  the  striatum  and  the  interplay 
between  DA  and  other  transmitters 
within  this  structure  and  its  related 
circuitry. The  striatum,  substantia 
nigra,  and  several  other  structures 
comprise  a subcortical  system  known 
as  the  basal  ganglia,  which  forms  a 
loop  with  the  cerebral  cortex.  One  of 
the  key  functions  of  the  basal  ganglia 
is  to  "gate"  movement  commands 
originating  in  the  motor  cortex.  In  a 
sense,  activity  of  the  DA  projection  to 
the  striatum  helps  keep  the  gate 
"open,"  whereas  loss  of  this  activity 
impairs  gate  opening,  making  it  more 
difficult  for  the  individual  to  initiate 
voluntary  movements. 

Although  certain  types  of  surgical 
procedures  are  reportedly  helpful  in 
reducing  extreme  tremors  in  some  PD 
patients,  this  disease  is  almost  always 
treated  pharmacologically.  As  men- 
tioned earlier  in  this  chapter,  the  pri- 
mary pharmacotherapy  for  PD 
involves  administering  the  DA  precur- 
sor l-DOPA.  Unlike  many  of  the  classi- 


Parkinson's  disease  Normal 


Substantia  nigra 


(A)  Histopathology  of  Parkinson's  disease  Unstained  sections  through  the  brain 
stem  of  a normal  individual  and  a Parkinson's  disease  patient  illustrate  the  loss  of  pig- 
mented neurons  in  the  substantia  nigra.  (From  Romanul,  1 970.) 
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BOX  5.1  (continued) 


(B)  Loss  of  dopaminergic  innervation  of 
the  striatum  correlates  with  symptom 
severity  in  PD.  Subjects  were  imaged 
using  [123l]altropane  ,a  drug  that  binds 
selectively  to  the  DA  transporter  and  is  con- 
centrated in  the  striatum  due  to  the  high 
density  of  dopaminergic  nerve  terminals 
there.The  images  are  color-coded  such  that 
red  represents  the  highest  level  of  drug 
binding,  yellow  is  less,  and  purple  is  the 
least. Striatal  altropane  binding  is  reduced 
in  the  patient  with  moderate  PD  and  almost 
completely  lost  in  the  patient  with  an 
advanced  case  of  PD.  (Based  on  data  from 
Fischman  et  al.,  1 998;  images  courtesy  of 
Alan  Fischman  and  Bertha  Madras.) 


cal  drug  treatments  for  psychiatric 
disorders  that  were  discovered 
serendipitously  (by  chance),  l-DOPA 
treatment  was  conceived  as  a "ration- 
al therapy"for  PD  because  its  aim  is  to 
replace  the  DA  lost  due  to  degenera- 
tion of  the  nigrostriatal  tract.  Unfortu- 
nately, there  are  many  limitations  of 
l-DOPA  therapy,  including  a reduction 
in  effectiveness  over  time,  the  devel- 
opment of  dyskinesias  (abnormal 
involuntary  movements),  and,  in 
advanced  cases,  the  possible  occur- 
rence of  dopaminergic  psychoses. 
These  problems  have  led  to  a growing 
interest  in  DA  receptor  agonists  as  an 
alternative  to  l-DOPA,  particularly  in 
the  early  stages  of  PD. 

A great  deal  has  been  learned 
about  the  histopathology  of  PD,  yet 
the  cause  of  this  disorder  remains 
enigmatic.  PD  is  not  inherited,and  in 
contrast  with  Alzheimer's  disease  (see 
Chapter  6),  genetics  does  not  appear 
to  play  a major  role  except  in  rare 
forms  of  the  disorder. The  best  current 
theory  is  that  DA  neurons  are  dam- 
aged and  eventually  killed  due  to 
oxyradical-induced  oxidative  stress. 
Oxyradicals  are  small,  oxygen-con- 
taining free  radicals  (molecules  con- 
taining an  unpaired  electron). They 
are  highly  reactive  chemically,  and  if 
allowed  to  build  up,  they  can  cause 
severe  damage  to  a cell's  DNA,  pro- 
teins, and  membrane  lipids.There  is 
evidence  that  DA  neurons  in  the  sub- 
stantia nigra  are  under  increased 
oxidative  stress  in  PD  (Beal,  2003), 
although  it  is  not  yet  conclusive  that 
this  difference  is  directly  responsible 
for  the  accelerated  loss  of  these  cells. 


Even  if  researchers  confirm  that 
oxidative  stress  is  the  immediate 
cause  of  PD,  what  is  the  source  of  this 
stress?  Some  have  speculated  that 
environmental  toxins  (industrial  pol- 
lutants perhaps)  could  be  the  culprits. 
There  is  no  direct  evidence  yet  in  sup- 
port of  this  hypothesis,  but  we  do 
know  of  certain  toxic  substances  that 
can  destroy  DA  neurons.  Besides  6- 
OHDA,  which  is  described  in  this  sec- 
tion, another  important  DA  neurotoxin 
is  the  drug  1 -methyl-4-phenyl-1 ,2,3,6- 
tetrahydropyridine  (MPTP).This  com- 
pound was  the  accidental  contami- 
nant responsible  for  Barry  Kidston's 
sudden  onset  of  parkinsonian  symp- 
toms described  at  the  beginning  of 
this  chapter.  Later  studies  showed 
that  monkeys  treated  with  MPTP 
developed  a behavioral  syndrome 
very  similar  to  PD  that  responded 
appropriately  to  l-DOPA  (Burns  et  al., 
1983).  Biochemical  and  histological 
examination  of  the  brains  of  these 
animals  confirmed  that  their  symp- 
toms were  due  to  a loss  of  DA  neu- 
rons in  the  substantia  nigra  and  a 
depletion  of  DA  in  the  striatum. 

No  one  is  claiming  that  PD  patients 
have  been  exposed  specifically  to 
MPTP,  and  in  fact,  oxidative  stress  is 
probably  not  the  major  mechanism 
by  which  this  substance  produces  its 
neurotoxic  effects.  But  studies  on 
MPTP  may  nevertheless  be  useful  in 
helping  unravel  the  mechanisms 
underlying  PD  and  developing  meth- 
ods for  preventing  this  devastating 
disorder. 


tral  dopaminergic  system,  one  must  administer  6-OHDA 
directly  into  the  brain,  since  the  drug  doesn’t  readily  cross 
the  blood-brain  barrier.  The  toxin  is  taken  up  mainly  by  the 
catecholaminergic  neurons  (thus  sparing  neurons  that  use 
other  neurotransmitters)  due  to  its  close  structural  similari- 
ty to  DA.  Once  the  toxin  is  inside,  the  nerve  terminals  are 
severely  damaged  and  sometimes  the  entire  cell  dies.  Animals 
with  bilateral  6-OHDA  lesions  of  the  ascending  dopaminer- 


gic pathways  show  severe  behavioral  dysfunction.  They 
exhibit  sensory  neglect  (that  is,  they  pay  little  attention  to 
stimuli  in  the  environment),  motivational  deficits  (they  show 
little  interest  in  eating  food  or  drinking  water),  and  motor 
impairment  (like  patients  with  Parkinson’s  disease,  they  have 
difficulty  initiating  voluntary  movements).  It  is  also  possible 
to  damage  the  nigrostriatal  DA  pathway  on  only  one  side  of 
the  brain,  as  illustrated  in  Figure  5.8.  In  this  case,  the  lesioned 
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as  mentioned  earlier,  but  they  also  serve  an  important  role  as 
normal  postsynaptic  receptors.  Interestingly,  these  receptors 
are  additionally  found  on  cells  in  the  pituitary  gland  that 
make  the  hormone  prolactin.  Activation  of  D2  receptors  by 
DA  from  the  hypothalamus  leads  to  an  inhibition  of  prolactin 
secretion,  whereas  the  blockade  of  these  receptors  stimulates 
prolactin  release.  We  will  see  in  Chapter  18  that  all  current 
antischizophrenic  drugs  are  D2  receptor  antagonists.  In  older 
studies,  the  receptor-blocking  activity  of  these  drugs  was 
assessed  by  monitoring  changes  in  circulating  prolactin  lev- 
els. Now,  however,  more  direct  information  on  receptor  occu- 
pancy can  be  obtained  by  means  of  modern  imaging  tech- 
niques such  as  positron  emission  tomographic  (PET) 
scanning. 

In  the  early  stages  of  research  on  DA  receptors,  investiga- 
tors discovered  that  and  D2  have  opposite  effects  on  the 
second-messenger  substance  cyclic  adenosine  monophos- 
phate (cAMP)  (Kebabian  and  Caine,  1979).  More  specifically, 
Dj  receptors  stimulate  the  enzyme  adenylyl  cyclase,  which  is 
responsible  for  synthesizing  cAMP  (Chapter  3).  Consequent- 
ly, the  rate  of  cAMP  formation  is  increased  by  stimulation  of 
D1  receptors.  In  contrast,  D2  receptor  activation  inhibits 
adenylyl  cyclase,  thereby  decreasing  the  rate  of  cAMP  synthe- 
sis (Figure  5.9).  These  opposing  effects  can  occur  because  the 
receptors  activate  two  different  G proteins,  Gs  in  the  case  of 
Dj  receptors  and  Gj  in  the  case  of  D2  receptors.  The  resulting 
changes  in  the  level  of  cAMP  within  the  postsynaptic  cell  alter 
the  cell’s  excitability  (that  is,  how  readily  it  will  fire  nerve 
impulses)  in  complex  ways  that  are  beyond  the  scope  of  this 
discussion.  A second  important  mechanism  of  D7  receptor 
function  involves  the  regulation  of  membrane  ion  channels 
for  potassium  (K+).  In  some  cells,  D2  receptor  stimulation 


There  are  five  main  subtypes  of 
dopamine  receptors  organized  into 
D7-  and  D2-like  families 

In  the  previous  chapter,  we  discussed  the  con- 
cept of  receptor  subtypes.  The  neurotrans- 
mitter DA  uses  five  main  subtypes,  designat- 
ed Dj  to  D5,  all  of  which  are  metabotropic 
receptors.  That  is,  they  interact  with  G pro- 
teins and  they  function,  in  part,  through  sec- 
ond messengers.  Various  studies  have  shown 
that  the  DL  and  D5  receptors  are  very  similar 
to  each  other,  whereas  the  D2,  D3,  and  D4 
receptors  represent  a separate  family.  The  D1 
and  D2  receptors  were  discovered  first,  and 
they  are  also  the  most  common  subtypes  in 
the  brain.  Both  types  of  receptors  are  found 
in  large  numbers  in  the  striatum  and  the 
nucleus  accumbens,  which  are  major  termi- 
nation sites  of  the  nigrostriatal  and  mesolim- 
bic  DA  pathways,  respectively.  Thus,  D2 
receptors  not  only  function  as  autoreceptors, 


Figure  5.9  Signaling  mechanisms  of  D1  and  D2  receptors  Activation  of  D1 
receptors  stimulates  the  enzyme  adenylyl  cyclase  and  enhances  DA  synthesis, 
whereas  activation  of  D2  receptors  inhibits  adenylyl  cyclase  and  decreases  DA 
synthesis.These  effects  are  produced  by  the  activation  of  different  G proteins  in 
the  postsynaptic  cell  membrane,  namely  Gs  for  the  D1  receptor  and  G(  for  the  D2 
receptor. 


Figure  5.8  Damage  to  the  nigrostriatal  pathway  on  one 
side  of  the  brain  causes  degeneration  of  dopaminergic 
fibers  in  the  striatum  on  that  side.  This  is  shown  in  the  pho- 
tomicrograph of  a tissue  section  through  the  brain  of  a rat  that 
had  received  a unilateral  6-OHDA  lesion  of  the  medial  forebrain 
bundle,  which  contains  the  axons  of  the  nigrostriatal  pathway. 
The  section,  which  was  stained  using  an  antibody  against  tyro- 
sine hydroxylase,  depicts  the  loss  of  dopaminergic  fibers  and 
terminals  in  the  striatum  on  the  side  of  the  lesion.  (Photomicro- 
graph courtesy  of  Michael  Zigmond  and  Annie  Cohen.) 


animals  display  a postural  asymmetry  characterized  by  lean- 
ing and  turning  toward  the  damaged  side  of  the  brain  due  to 
the  dominance  of  the  untreated  side.  The  profound  abnor- 
malities seen  following  either  bilateral  or  unilateral  lesions  of 
the  DA  system  indicate  how  important  this  neurotransmitter 
is  for  normal  behavioral  functioning. 
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activates  a G protein  that  subsequently  enhances  K+  channel 
opening.  As  we  saw  in  Chapter  3,  opening  of  such  channels 
causes  a hyperpolarization  of  the  cell  membrane,  thus 
decreasing  the  cell’s  excitability  and  rate  of  firing. 

Dopamine  receptor  agonists  and  antagonists 
affect  locomotor  activity  and  other  behavioral 
functions 

Many  studies  of  DA  pharmacology  have  used  compounds 
that  directly  stimulate  or  block  DA  receptors.  Apomorphine 
is  a widely  used  agonist  that  stimulates  both  Dx  and  D2  recep- 
tors. At  appropriate  doses,  apomorphine  treatment  causes 
behavioral  activation  similar  to  that  seen  with  classical  stimu- 
lants like  amphetamine  and  cocaine.  There  is  also  a new  use 
for  apomorphine  in  treating  erectile  dysfunction  in  men 
(marketed  under  the  trade  name  Uprima).  At  present,  the 
best-known  remedy  for  this  disorder  is,  of  course,  Viagra.  You 
will  recall  that  the  mechanism  of  action  of  Viagra,  which 
involves  inhibiting  the  breakdown  of  cyclic  guanosine  mono- 
phosphate (cGMP)  in  the  penis,  was  discussed  in  Chapter  3. 
In  contrast,  apomorphine  seems  to  increase  penile  blood  flow 
(which  is  necessary  for  an  erection)  by  acting  through  DA 
receptors  in  the  brain.  This  effect  of  apomorphine  has  actual- 
ly been  known  for  some  time,  but  clinical  application  for  this 
purpose  was  previously  thwarted  by  undesirable  side  effects 
(particularly  nausea)  and  poor  drug  availability  when  taken 
orally.  These  problems  have  been  overcome  to  some  extent 
through  the  development  of  a lozenge  that  is  taken  sublin- 
gually (under  the  tongue),  thereby  bypassing  the  digestive  sys- 
tem and  delivering  the  drug  directly  into  the  bloodstream. 

Psychopharmacologists  also  make  use  of  drugs  that  are 
more  selective  for  members  of  the  D}  or  D2  receptor  family. 
Receptor-selective  agonists  and  antagonists  are  extremely 
important  in  helping  us  understand  which  behaviors  are 
under  the  control  of  a particular  receptor  subtype.  The  most 
commonly  used  agonist  for  receptors  is  a compound 
known  as  SKF  38393/  Administration  of  this  compound  to 
rats  or  mice  elicits  self-grooming  behavior.  Quinpirole  is  a 
drug  that  activates  D2  and  D3  receptors,  and  its  effect  is  to 
increase  locomotion  and  sniffing  behavior.  These  responses 
are  reminiscent  of  the  effects  of  amphetamine  or  apomor- 
phine, although  quinpirole  is  not  as  powerful  a stimulant  as 
the  former  compounds. 

The  typical  effect  of  administering  a DA  receptor  antago- 
nist is  to  suppress  spontaneous  exploratory  and  locomotor 
behavior.  At  higher  doses,  such  drugs  elicit  a state  known  as 


*Many  drugs  used  in  research  never  receive  common  names  like 
cocaine  or  reserpine.  In  such  instances,  the  drug  is  designated  with 
an  abbreviation  for  the  pharmaceutical  company  at  which  it  was 
developed,  along  with  an  identifying  number.  In  the  present 
instance,  SKF  stands  for  the  Smith  Kline  & French  company, 
which  is  now  part  of  GlaxoSmithKline. 


Figure  5.10  Catalepsy  can  be  produced  by  DA  receptor 
antagonists,  particularly  drugs  that  block  D2  receptors. 

Shown  here  is  a 10-day-old  rat  pup  that  had  received  a subcuta- 
neous injection  of  the  D2  antagonist  haloperidol  (1  mg/kg)  1 
hour  earlier.  Pups  treated  in  this  manner  often  spent  an  entire  3- 
minute  testing  period  immobile  with  their  forepaws  resting  on 
the  elevated  bar,  whereas  control  pups  not  given  haloperidol 
got  off  the  bar  within  a few  seconds.  (Photograph  by  Jerrold 
Meyer.) 


catalepsy.  Catalepsy  refers  to  a lack  of  spontaneous  move- 
ment, which  is  usually  demonstrated  experimentally  by 
showing  that  the  subject  does  not  change  position  when 
placed  in  an  awkward,  presumably  uncomfortable  posture 
(Figure  5.10).  Nevertheless,  the  subject  is  neither  paralyzed 
nor  asleep,  and  in  fact  it  can  be  aroused  to  move  by  strong 
sensory  stimuli  such  as  being  picked  up  by  the  experimenter. 
Catalepsy  is  usually  associated  with  D2  receptor  blockers 
such  as  haloperidol,  but  it  can  also  be  elicited  by  giving  a D1 
blocker  such  as  SCH  23390.  Given  the  important  role  of  the 
nigrostriatal  DA  pathway  in  movement,  it  is  not  surprising 
that  catalepsy  is  particularly  related  to  the  inhibition  of  DA 
receptors  in  the  striatum.  We  mentioned  earlier  that  D2 
receptor  antagonists  are  used  in  the  treatment  of  schizo- 
phrenia. The  therapeutic  benefit  of  these  drugs  is  thought  to 
derive  from  their  blocking  of  DA  receptors  in  the  limbic  sys- 
tem or  the  cortex.  It  should  be  clear  from  the  present  discus- 
sion, however,  that  the  same  drugs  are  also  likely  to  produce 
inhibition  of  movement  and  other  troublesome  motor  side 
effects  because  of  the  simultaneous  interference  with 
dopaminergic  transmission  in  the  striatum. 

The  various  effects  of  DA  receptor  agonists  and  antago- 
nists have  given  researchers  a lot  of  useful  information  about 
the  behavioral  functions  of  DA.  A newer  approach  is  to 
manipulate  the  genes  for  individual  components  of  the 
dopaminergic  system  and  determine  the  behavioral  conse- 
quences of  such  manipulations.  The  results  from  this 
approach  are  discussed  in  Box  5.2. 
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BOX  5.2 


Using  "Gene  Knockout" Animals  to  Study 
the  Dopaminergic  System 


In  recent  years,  many  researchers  have 
begun  to  use  techniques  from  molec- 
ular biology  to  investigate  how  neuro- 
transmitter systems  function  and  how 
they  control  various  behaviors.  One  of 
the  most  exciting  and  powerful  tools 
in  this  new  field  of  molecular  pharma- 
cology is  the  production  of  gene 
knockout  mice.  As  we  saw  in  Chapter 
4,  these  are  strains  of  mice  in  which  a 
particular  gene  of  interest  has  been 
"knocked  out" (that  is,  rendered  inac- 
tive) by  special  genetic  procedures. 
Application  of  this  technology  has 
yielded  new  clues  as  to  how  the 
dopaminergic  system  regulates  vari- 
ous behavioral  functions. 

One  interesting  approach  taken  by 
Richard  Palmiter  and  his  colleagues  at 
the  University  of  Washington  was  to 
knock  out  the  gene  for  tyrosine 
hydroxylase  (TH)  selectively  in 
dopaminergic  neurons.  Although  this 
required  very  skillful  genetic  manipu- 
lations, the  investigators  succeeded  in 
creating  mice  that  were  virtually 
devoid  of  DA  in  the  dopaminergic  sys- 
tem but  still  possessed  relatively  nor- 
mal amounts  of  NE.There  is  some  sim- 
ilarity between  these  DA-deficient 
mice  and  genetically  normal  animals 
that  have  been  given  DA  lesions  with 
6-OHDA,  although  one  important  dif- 
ference is  that  the  dopaminergic  neu- 
rons themselves  are  undamaged  in 
the  genetic  mutants.  DA-deficient 
mice  appear  to  behave  and  grow  nor- 
mally from  birth  until  about  2 weeks 
of  age,  at  which  time  they  begin  to 
show  slower  weight  gain  than  wild- 
type  (genetically  normal)  mice  (Zhou 
and  Palmiter,  1 995).  If  untreated,  they 
all  die  by  4 weeks  of  age.The  DA-defi- 
cient mice  can  be  saved  by  daily  injec- 
tions of  l-DOPA,  which  bypasses  the 
TH  step  (see  Figure  5.2)  in  the  bio- 


chemical pathway  and  therefore 
allows  the  neurons  to  make  DA.  But  if 
the  l-DOPA  treatment  is  suspended, 
the  mice  show  a tremendous  reduc- 
tion in  movement  and  seem  to  have 
no  interest  in  eating  food  or  drinking, 
despite  the  fact  that  they  can  physi- 
cally grasp  food  and  swallow  liquids 
that  are  placed  directly  into  their 
mouths.The  decreased  movement  in 
these  animals  is  reminiscent  of  Parkin- 
son's disease  and  supports  a critical 
role  for  DA  in  spontaneous  locomotor 
activity.  Dopamine  also  seems  to  be 
involved  in  the  neural  systems  gov- 
erning food  and  water  intake, 
although  the  exact  nature  of  this 
involvement  is  still  not  clear. 

Other  strains  of  mutant  mice  have 
been  generated  that  lack  either  the 
DA  transporter  or  one  of  the  DA 
receptors.  It  turns  out  that  each  gene 
knockout  produces  a unique  behav- 
ioral phenotype  (which  means  the 
behavior  of  the  mutant  strain  com- 
pared to  that  of  normal  animals). The 
most  obvious  characteristic  of  DA 
transporter  knockout  mice  is  that 
they  are  extremely  hyperactive  (Giros 
et  al.,  1 996)  (Figure  A). This  effect  is 
understandable  in  light  of  the  fact 
that  without  a transporter  on  their 
terminals,  the  dopaminergic  neurons 
cannot  remove  DA  from  the  synaptic 
cleft.  Consequently,  the  postsynaptic 
DA  receptors  are  exposed  to  excessive 
amounts  of  transmitter,  which  has  an 
activating  effect  on  the  animal's 
behavior. 

The  first  DA  receptor  to  be 
knocked  out  was  the  D1  receptor 
(Drago  et  al.,  1 994).  Like  the  DA-defi- 
cient mice,  animals  lacking  this  recep- 
tor subtype  initially  appear  normal.  By 
weaning  age,  though,  they  begin  to 
show  reduced  growth. They  may  even 


die  if  their  normally  dry  food  isn't 
moistened  to  make  it  more  palatable. 
Nevertheless,  in  the  absence  of  drug 
treatment  (see  below),  the  locomotor 
activity  of  D1  receptor  knockouts  is 
similar  to  that  of  wild-type  mice. 

Contrasting  results  have  been 
obtained  from  knocking  out  the  other 
DA  receptors.  Disrupting  the  gene  for 
the  D2  receptor  produces  impairment 
in  spontaneous  movement  and  in 
coordination  (Baik  et  al.,  1 995;  Kelly  et 
al.,1 998).  However,  the  degree  of 
impairment  seems  to  depend  strong- 
ly on  which  genetic  strain  of  mouse  is 
used  to  create  the  mutation. This  is 
partly  because  different  strains 
already  vary  a lot  in  their  behavior 


(A)  Mutant  mice  lacking  the 
dopamine  transporter  (DAT)  (homozy- 
gous DAT-/“)  show  increased  locomotor 
activity  compared  to  genetically  normal 
wild-type  mice  (DAT+/+)  or  heterozygous 
mice  (DAT+/~)  that  carry  one  copy  of  the 
DAT  gene.  Mice  were  tested  in  a photocell 
apparatus  and  the  number  of  photobeam 
breaks  was  recorded  every  20  minutes  for 
a total  of  3 hours.  All  groups  showed  a 
gradual  habituation  to  the  apparatus  as 
indicated  by  decreasing  beam  breaks,  but 
the  activity  of  the  DAT  knockout  mice 
(DAT_/_)  was  consistently  higher  than  that 
of  the  other  two  groups.  (After  Giros  et  al., 
1996.) 
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BOX  5.2  (continued) 

before  any  genes  are  knocked  out.  D3 
and  D4  receptor  knockout  mice  have 
mainly  been  studied  using  tests 
thought  to  measure  exploratory 
behavior  and  anxiety  in  rodents.  D3 
receptor  knockouts  show  signs  of 
reduced  anxiety  in  such  tests  (Steiner 
et  al.,1 998),  whereas  absence  of  the 
D4  receptor  has  little  apparent  effect 
on  anxiety  but  does  produce  reduced 
exploration  of  notfel  environmental 
stimuli  (Dulawa  et  al.,1 999).  Finally, 
recent  studies  on  D5  receptor  knock- 
out mice  found  that  the  animals 
develop  hypertension  (high  blood 
pressure)  in  adulthood,  apparently 
due  to  increased  sympathetic  nerv- 
ous system  activity  (Hollon  et  al., 
2002).  It  will  be  interesting  to  see 
whether  any  cases  of  hypertension  in 
humans  are  due  to  a defect  in  D5 
receptor  expression  or  functioning. 

Pharmacologists  have  naturally 
begun  to  study  how  these  mutations 
of  the  DA  system  affect  the  reactions 
to  different  psychoactive  drugs.  Sev- 
eral studies  have  looked  at  behavioral 
responses  to  psychostimulant  drugs 
such  as  cocaine,  amphetamine,  and 
methamphetamine,  since  DA  is 
already  known  to  play  an  important 
role  in  the  effects  of  these  com- 
pounds. Both  DA  transporter  knock- 
out mice  and  D1  receptor  knockouts 
show  little  or  no  increase  in  locomo- 
tion following  psychostimulant  treat- 
ment (Giros  et  al.,  1 996;  M.  Xu  et  al., 
2000)  (Figure  B). Therefore,  the  DA 
transporter  on  the  presynaptic  side 
and  the  D1  receptor  on  the  postsy- 
naptic  side  both  play  pivotal  roles  in 
the  behavior-stimulating  effects  of 
cocaine  and  amphetamine  (see  Chap- 
ter 1 1 ).  In  contrast,  mutant  mice  lack- 
ing the  D4  receptor  are  actually  hyper- 
sensitive to  the  stimulating  effects  of 


cocaine  and  methamphetamine 
(Rubinstein  et  al.,  1 997). 

Another  approach  has  been  to  test 
the  effects  of  the  DA  receptor  antago- 
nist haloperidol  in  DA  receptor  knock- 
out mice.  Mice  lacking  D1  or  D3  recep- 
tors still  show  catalepsy  following 
haloperidol  treatment  (Boulay  et  al., 
2000;  Moratalla  et  al.,  1 996),  whereas 
D2  receptor  knockouts  are  insensitive 
to  the  locomotor-inhibiting  and 
cataleptic  effects  of  this  compound 
(Boulay  et  al.,  2000;  Kelly  et  al.,  1 998). 
These  findings  clearly  show  that  D2 
receptors  mediate  the  inhibitory 
effects  of  haloperidol  on  locomotor 
activity. 

A few  studies  have  also  looked  at 
behavioral  responses  to  ethanol  (alco- 
hol). Ethanol  can  produce  either  loco- 
motor stimulation  or  inhibition, 
depending  on  the  dose  and  other  fac- 
tors. Mice  lacking  D2  receptors  are  less 
sensitive  to  the  locomotor-impairing 
effects  of  ethanol,  and  they  also  vol- 
untarily drink  less  ethanol  than  con- 
trol mice  (Phillips  et  al.,  1 998).  In  con- 
trast, D4  receptor  knockouts  are 
hypersensitive  to  the  locomotor-stim- 
ulating effects  of  ethanol,  which  coin- 
cides with  their  enhanced  responsive- 
ness to  psychostimulant  drugs  as  well 
(Rubinstein  et  al.,  1 997). 

These  results  show  us  that  by  act- 
ing through  different  receptor  sub- 
types,  a single  transmitter  such  as  DA 
may  influence  many  different  behav- 
iors and  play  a complicated  role  in 
the  responses  to  psychoactive  drugs. 
In  some  cases,  genetically  engineered 
mice  have  largely  confirmed  theories 
that  researchers  had  previously  for- 
mulated using  more  traditional  phar- 
macological approaches.  In  other 
cases,  however,  the  use  of  such  ani- 
mals has  provided  new  and  exciting 


Wild-type  (D1+/+) 


Mutant  (D1  1 ) 


(B)  Mutant  mice  lacking  D1  receptors 

are  insensitive  to  the  locomotor-stimulat- 
ing effects  of  cocaine.  Wild-type  (D1+/+)  and 
homozygous  mutant  mice  (D1”/_)  were 
injected  twice  daily  for  7 consecutive  days 
with  either  cocaine  (20  mg/kg  intraperi- 
toneally)  or  a saline  control  solution. The 
animals  were  tested  in  a photocell  appara- 
tus for  30  minutes  after  each  injection  to 
record  their  locomotor  activity.  Cocaine 
greatly  increased  locomotor  activity  in  the 
wild-type  but  not  the  mutant  mice  on  all 
test  days.  (After  M.  Xu  et  al.,  2000.) 


insights  into  the  interactions 
between  neurotransmitters,  drugs, 
and  behavior. 


We  will  conclude  this  section  by  considering  the  conse- 
quences of  administering  a D2  receptor  antagonist  repeatedly 
rather  than  just  once  or  twice.  When  haloperidol  is  given 
chronically  to  rats,  the  animals  develop  a syndrome  called 
behavioral  supersensitivity.  This  means  that  if  the  haloperi- 


dol treatment  is  stopped  (to  unblock  the  D2  receptors)  and 
the  subjects  are  then  given  a DA  agonist  like  apomorphine, 
they  respond  more  strongly  than  control  subjects  not  pre- 
treated with  haloperidol.  Since  the  experimental  and  control 
animals  both  received  the  same  dose  of  apomorphine,  this 
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TABLE  5.1  Drugs  That  Affect  the  Dopaminergic  System 


Drug 

Action 

DOPA 

Converted  to  DA  in  the  brain 

Phenelzine 

Increases  catecholamine  levels  by 
inhibiting  MAO 

oc-Methyl-pnra-tyrosine 

(AMPT) 

Depletes  catecholamines  by  inhibiting 
tyrosine  hydroxylase 

Reserpine 

Depletes  catecholamines  by  inhibiting 
vesicular  uptake 

6-Hydroxydopamine  (6-OHDA) 

Damages  or  destroys  catecholaminergic 
neurons 

Amphetamine 

Releases  catecholamines 

Cocaine  and  methylphenidate 

Inhibit  catecholamine  reuptake 

Apomorphine 

Stimulates  DA  receptors  generally 
(agonist) 

SKF  38393  ' 

Stimulates  Dj  receptors  (agonist) 

Quinpirole 

Stimulates  D2  and  D3  receptors  (agonist) 

SCH  23390 

Blocks  Dj  receptors  (antagonist) 

Haloperidol 

Blocks  D2  receptors  (antagonist) 

finding  suggests  that  somehow  the 
DA  receptors  in  the  experimental 
group  are  more  sensitive  to  the  same 
pharmacological  stimulation.  A 
similar  effect  occurs  following  DA 
depletion  by  6-OHDA.  The  similar- 
ity between  haloperidol  and  6- 
OHDA  administration  is  that  both 
treatments  persistently  reduce  the 
amount  of  DA  stimulation  of  D2 
receptors.  Haloperidol  accomplish- 
es this  by  blocking  the  receptors, 
whereas  6-OHDA  accomplishes  the 
same  result  by  causing  a long-lasting 
depletion  of  DA.  Various  studies 
suggest  that  the  supersensitivity 
associated  with  haloperidol  or  6- 
OHDA  treatment  is  related  at  least 
partly  to  an  increase  in  the  density  of 
D2  receptors  on  the  postsynaptic  cells 
in  the  striatum.  This  phenomenon, 
which  is  called  receptor  up-regula- 
tion, is  considered  to  be  an  adaptive 
response  whereby  the  lack  of  normal 
neurotransmitter  (in  this  case  DA)  input  causes  the  neurons  to 
increase  their  sensitivity  by  making  more  receptors. 

Section  Summary 

The  dopaminergic  neurons  of  greatest  interest  to  neuropsy- 
chopharmacologists are  found  near  the  base  of  the  midbrain 
in  the  substantia  nigra  (A9  cell  group)  and  the  VTA  (A10  cell 
group).  The  neurons  in  the  substantia  nigra  send  their  axons 
to  the  striatum,  thus  forming  the  nigrostriatal  tract.  This 
pathway  plays  an  important  role  in  the  control  of  movement. 
It  is  severely  damaged  in  the  neurological  disorder  known  as 
Parkinson’s  disease.  The  dopaminergic  neurons  in  the  VTA 
form  two  major  dopaminergic  systems.  One  is  the  mesolim- 
bic  system,  which  has  terminations  in  several  limbic  system 
structures,  including  the  nucleus  accumbens,  septum,  amyg- 
dala, and  hippocampus.  The  other  is  the  mesocortical  sys- 
tem, which  terminates  in  the  cerebral  cortex,  particularly  the 
prefrontal  cortex.  The  mesolimbic  and  mesocortical  DA  sys- 
tems have  been  implicated  in  mechanisms  of  drug  abuse  as 
well  as  in  schizophrenia. 

Researchers  have  identified  five  main  DA  receptor  sub- 
types,  designated  to  D5,  all  of  which  are  metabotropic 
receptors.  These  subtypes  fall  into  two  families,  the  first  con- 
sisting of  D1  and  D5  and  the  second  consisting  of  D2,  D3,  and 
D4.  The  most  common  subtypes  are  and  D2,  both  of 
which  are  found  in  large  numbers  in  the  striatum  and  the 
nucleus  accumbens.  These  subtypes  can  be  differentiated 
partly  on  the  basis  that  Dj  receptors  stimulate  adenylyl 


cyclase,  thus  increasing  the  rate  of  cAMP  synthesis,  whereas 
D2  receptors  decrease  the  rate  of  cAMP  synthesis  by  inhibit- 
ing adenylyl  cyclase.  Activation  of  D2  receptors  can  also 
enhance  the  opening  of  K+  channels  in  the  cell  membrane, 
which  hyperpolarizes  the  membrane  and  therefore  reduces 
the  excitability  of  the  cell. 

Some  of  the  drugs  that  affect  the  dopaminergic  system, 
including  DA  receptor  agonists  and  antagonists,  are  present- 
ed in  Table  5.1.  In  general,  enhancement  of  dopaminergic 
function  has  an  activating  effect  on  behavior,  whereas  inter- 
ference with  DA  causes  a suppression  of  normal  behaviors 
ranging  from  temporary  sedation  and  catalepsy  to  the  pro- 
found deficits  observed  following  6-OHDA  treatment.  When 
D2  receptor  transmission  is  persistently  impaired  either  by 
chronic  antagonist  administration  or  by  denervation  (e.g.,  6- 
OHDA  lesions),  animals  become  supersensitive  to  treatment 
with  a D2  agonist.  This  response  is  mediated  at  least  partially 
by  an  up-regulation  of  D2  receptors  by  postsynaptic  neurons 
in  areas  such  as  the  striatum. 

Organization  and  Function  of  the 
Noradrenergic  System 

The  ascending  noradrenergic  system  originates 
in  the  locus  coeruleus 

The  NE-containing  neurons  within  the  brain  are  located  in 
the  parts  of  the  brain  stem  called  the  pons  and  medulla.  Of 
particular  interest  is  a structure  known  as  the  locus 
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Figure  5.1 1 The  locus  coeruleus  (LC)  contains  a dense  cluster  of  noradenergic  neu- 
rons designated  the  A6  cell  group.These  cells  send  their  fibers  to  almost  all  regions  of  the 
forebrain  as  well  as  the  cerebellum  and  spinal  cord. 


coeruleus  (LC),  a small  area  of  the  pons  that  contains  a 
dense  collection  of  noradrenergic  neurons  corresponding 
roughly  to  the  A6  cell  group  (using  the  numbering  system 
described  previously).  At  first  glance,  the  LC  might  not  seem 
to  be  a very  impressive  structure,  as  the  rat  LC  only  contains 
a little  more  than  3000  nerve  cells  out  of  the 
millions  of  neurons  present  in  the  entire  rat 
brain.  Nevertheless,  these  cells  send  fibers  into 
almost  all  areas  of  the  forebrain,  thereby  pro- 
viding nearly  all  of  the  NE  in  the  cortex,  limbic 
system,  thalamus,  and  hypothalamus  (Figure 
5.11).  The  LC  also  provides  noradrenergic 
input  to  the  cerebellum  and  the  spinal  cord. 

Norepinephrine  also  plays  an  important 
role  in  the  peripheral  nervous  system.  Many 
neurons  that  have  their  cell  bodies  in  the  gan- 
glia of  the  sympathetic  branch  of  the  auto- 
nomic nervous  system  (see  Chapter  2)  use  NE 
as  their  transmitter.  These  cells,  which  send 
out  their  fibers  to  various  target  organs 
throughout  the  body,  are  responsible  for  the 
autonomic  actions  of  NE  that  are  described 
later.  We  also  mentioned  earlier  in  the  chapter 
that  NE  (as  well  as  EPI)  functions  as  a hor- 
mone secreted  by  the  adrenal  glands  directly 
into  the  bloodstream.  In  this  way,  there  are 
actually  two  routes  by  which  NE  can  reach 
an  organ  such  as  the  heart:  it  can  be  released 
from  sympathetic  noradrenergic  neurons  at 
synapse-like  contacts  with  cardiac  cells,  and  it 
can  be  released  from  the  adrenal  glands  and 
travel  to  the  heart  through  the  circulatory  sys- 
tem. On  the  other  hand,  blood-borne  NE  does 


not  reach  the  brain,  because  it  is 
effectively  excluded  by  the  blood- 
brain  barrier. 

Modern  techniques  of  neuro- 
physiology make  it  possible  to 
record  the  electrical  firing  of  nerve 
cells  in  unanesthetized,  freely 
moving  animals.  Aston-Jones  and 
Bloom  (1981a,  1981b)  used  this 
approach  to  determine  how  the 
activity  of  noradrenergic  neurons  in 
the  LC  of  rats  changed  in  relation  to 
the  behavior  of  the  animals.  The 
cells  showed  a low  rate  of  firing 
(and  sometimes  even  stopped  alto- 
gether) when  the  rats  were  asleep. 
In  contrast,  presentation  of  novel 
sensory  stimuli  to  the  animals  led  to 
a short  burst  of  LC  cell  firing.  These 
and  many  other  findings  have  led  to 
the  idea  that  the  noradrenergic  neu- 
rons of  the  LC  play  an  important  role  in  vigilance  (that  is, 
being  alert  to  important  stimuli  in  the  environment)  (Figure 
5.12). 


Forebrain 


Figure  5.1 2 Role  of  the  locus  coeruleus  in  vigilance  The  firing  of  LC  neu- 
rons is  activated  by  arousing  sensory  stimuli  and  inhibited  during  the  per- 
formance of  maintenance  behaviors  such  as  sleeping,  grooming,  and  consum- 
ing food.  From  these  and  other  findings,  Aston-Jones  has  hypothesized  that 
NE  plays  an  important  role  in  vigilance,  that  is,  attentiveness  to  important 
external  stimuli.  (After  Aston-Jones,  1 985.) 
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The  cellular  effects  of  norepinephrine 
and  epinephrine  are  mediated  by 
a-  and  f3- adrenergic  receptors 

The  receptors  for  NE  and  EPI  are  called  adrenergic  receptors 
(an  alternate  term  is  adrenoceptors).  Like  DA  receptors,  the 
adrenergic  receptors  all  belong  to  the  general  family  of 
metabotropic  receptors.  However,  they  serve  a broader  role 
by  having  to  mediate  both  neurotransmitter  (mainly  NE) 
and  hormonal  (mainly  EPI)  actions  of  the  catecholamines. 

Early  studies  by  Ahlquist  (1948,  1979)  and  other  inves- 
tigators suggested  the  existence  of  two  adrenoceptor  sub- 
types,  which  were  designated  alpha  (a)  and  beta  ((3).  Since 
Ahlquist’s  pioneering  research,  many  experiments  have 
shown  that  the  a-  and  (3-adrenoceptors  actually  represent 
two  families,  each  composed  of  several  receptor  subtypes. 
For  present  purposes,  we  will  distinguish  between  oq-  and 
a2-receptors,  and  also  between  and  (32.  Postsynaptic 
adrenoceptors  are  found  at  high  densities  in  many  brain 
areas,  including  the  cerebral  cortex,  thalamus,  hypothala- 
mus, cerebellum,  and  various  limbic  system  structures  such 
as  the  hippocampus  and  amygdala.  In  addition,  cq-autore- 
ceptors  are  located  on  noradrenergic  nerve  terminals  and  on 
the  cell  bodies  of  noradrenergic  neurons  in  the  LC  and  else- 
where. These  autoreceptors  cause  an  inhibition  of  nora- 
drenergic cell  firing  and  a reduction  in  NE  release  from  the 
terminals. 

Like  DA  Dj  receptors,  the  (3^  and  (3? -adrenoceptors  both 
stimulate  adenylyl  cyclase  and  enhance  the  formation  of 
cAMP.  In  contrast,  a2-receptors  operate  in  a similar  manner 
as  D2  receptors.  That  is,  a2-receptors  reduce  the  rate  of 
cAMP  synthesis  by  inhibiting  adenylyl  cyclase,  and  they  can 
also  cause  a hyperpolarization  of  the  cell  membrane  by 
increasing  K+  channel  opening.  Yet  another  kind  of  mecha- 
nism is  used  by  receptors  of  the  oq  subtype.  These  receptors 
operate  through  the  phosphoinositide  second-messenger 
system,  which,  as  we  saw  in  Chapter  3,  leads  to  an  increased 
concentration  of  free  calcium  (Ca1^  ions  within  the  postsy- 
naptic cell. 

Adrenergic  agonists  can  stimulate  arousal  and 
eating  behavior 

Neurochemical  and  pharmacological  studies  in  experimental 
animals  indicate  that  NE  is  involved  in  many  behavioral 
functions,  including  hunger  and  eating  behavior,  sexual 
behavior,  fear  and  anxiety,  pain,  and  sleep  and  arousal.  We 
will  provide  a few  pharmacological  examples  relevant  to 
some  of  these  functions. 

We  saw  earlier  that  the  firing  of  noradrenergic  neurons  of 
the  LC  is  correlated  with  arousal  and  vigilance.  The  behav- 
ioral-activating functions  of  NE  have  also  been  investigated 
using  pharmacological  approaches.  For  example,  Craig 


Figure  5.1 3 Rats  showed  increased  time  awake  after 
administration  of  small  amounts  of  either  an  oq-  or  a (3- 
adrenergic  agonist  directly  into  the  medial  septum. 

The  oq  -agonist  was  phenylephrine  (10  x 10-9  mol  injected)  and 
the  (3-agonist  was  isoproterenol  (4  x 1 0"9  mol  injected).  Control 
injections  were  of  the  vehicle  used  to  dissolve  the  active  drugs. 
Behavioral  state  (asleep  versus  awake)  was  determined  for  two 
30-minute  intervals  prior  to  drug  administration  (Prel  and  Pre2) 
as  well  as  two  30-minute  postdrug  intervals  (Postl  and  Post2), 
the  first  of  which  began  1 5 minutes  after  the  treatment.  Note 
that  the  greatest  effect  was  obtained  with  the  combined  injec- 
tion of  both  drugs.  (After  Berridge  et  al.,  2003.) 


Berridge  and  his  colleagues  performed  microinjections  of  the 
a j -receptor  agonist  phenylephrine  and/or  the  general  (3- 
receptor  agonist  isoproterenol  into  the  rat  medial  septum, 
one  of  the  brain  areas  believed  to  be  important  for  NE’s 
arousing  effects  (Berridge  et  al.,  2003).  The  animals  were 
then  monitored  to  determine  the  amount  of  time  they  spent 
awake  or  asleep.  As  illustrated  in  Figure  5.13,  each  drug  indi- 
vidually increased  the  amount  of  time  spent  awake,  and  at 
the  low  doses  used  in  the  study,  the  combination  of  the  treat- 
ments produced  the  strongest  effect.  These  results  show  that 
both  oq-  and  (3-receptors  are  involved  in  NE-mediated 
arousal. 

In  both  humans  and  animals,  systemically  administered 
a2-receptor  agonists  have  several  behavioral  effects  related  to 
activation  of  both  autoreceptors  and  postsynaptic  ^-recep- 
tors. This  can  be  seen  in  the  properties  of  dexmedetomidine 
(Precedex),  a recently  introduced  a2-agonist  with  combined 
sedative,  anxiolytic  (antianxiety),  and^analgesic  (pain-reduc- 
ing) effects  that  is  particularly  useful  for  surgical  patients  in 
the  intensive  care  unit.  The  sedative  and  anxiolytic  effects  of 
dexmedetomidine  are  believed  to  be  mediated  by  oq-autore- 
ceptors  in  the  LC,  whereas  the  analgesic  effect  probably 
occurs  at  the  level  of  the  spinal  cord. 

Another  behavioral  function  of  NE  concerns  the  regula- 
tion of  hunger  and  eating  behavior.  The  neural  mechanisms 
underlying  eating  behavior  are  centered  largely  in  the  hypo- 
thalamus. One  of  the  key  areas  within  the  hypothalamus  is 
the  paraventricular  nucleus  (PVN),  a small  paired  structure 
that  lies  on  either  side  of  the  third  cerebral  ventricle.  The 
PVN  receives  noradrenergic  input  from  the  LC,  and  when 
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Figure  5.14  Effect  of  norepinephrine  on 
eating  behavior  Rats  are  stimulated  to  eat 
when  NE  is  administered  directly  into  the  par- 
aventricular nucleus  (PVN)  of  the  hypothalamus. 


NE  is  injected  in  small  quantities  directly  into  the  PVN  of 
awake  rats,  it  elicits  a robust  eating  response  even  if  the  ani- 
mals were  not  previously  food-deprived  (Figure  5.14).  This 
response  to  NE  appears  to  be  due  to  activation  of  ^-recep- 
tors located  within  the  PVN,  because  the  response  is  blocked 
by  administration  of  an  a2-antagonist  and  is  mimicked 
when  the  oc2-agonist  clonidine,  instead  of  NE,  is  injected 
into  the  PVN  (Wellman  et  al.,  1993).  Although  we  previous- 
ly discussed  the  a2  subtype  as  an 
autoreceptor,  the  PVN  a2-receptors 
responsible  for  triggering  eating 
behavior  are  thought  to  lie  on  postsy- 
naptic  neurons  that  receive  noradren- 
ergic synapses. 

A number  of  medications 
work  by  stimulating  or 
inhibiting  peripheral 
adrenergic  receptors 

Adrenergic  agonists  or  antagonists  are 
frequently  used  in  the  treatment  of 
nonpsychiatric  medical  conditions. 

This  is  because  of  the  widespread  dis- 
tribution and  important  functional 
role  of  adrenergic  receptors  in  various 
peripheral  organs  (Table  5.2).  For 
example,  general  adrenergic  agonists 


that  activate  both  a-  and  (3-receptors 
have  sometimes  been  used  in  the 
treatment  of  bronchial  asthma. 
Stimulating  the  a-receptors  causes 
constriction  of  the  blood  vessels  in 
the  bronchial  lining,  thus  reducing 
congestion  and  edema  (tissue 
swelling)  by  restricting  blood  flow  to 
the  tissue.  On  the  other  hand,  13- 
receptor  stimulation  leads  to  relax- 
ation of  the  bronchial  muscles, 
thereby  providing  a wider  airway. 
Although  general  adrenergic  ago- 
nists can  be  effective  antiasthma 
medications,  they  also  cause  a num- 
ber of  adverse  side  effects.  For  this 
reason,  asthma  is  more  commonly 
treated  with  a selective  (3-adrenocep- 
tor agonist  such  as  albuterol.  Such 
drugs  are  packaged  in  an  inhaler  that 
delivers  the  compound  directly  to 
the  respiratory  system.  The  (3-recep- 
tors found  in  the  airways  are  of  the 
(32  subtype,  in  contrast  to  the  heart, 
which  contains  mainly  (3  j- receptors. 
Consequently,  albuterol  is  effective  in  alleviating  the 
bronchial  congestion  of  asthmatics  without  producing  unde- 
sirable cardiovascular  side  effects. 

Even  over-the-counter  cold  medications  are  based  on  the 
properties  of  peripheral  adrenergic  receptors.  Thus,  the  oq- 
receptor  agonist  phenylephrine  is  the  key  ingredient  in 
Neosynephrine.  This  drug  is  used  as  a nasal  spray  to  constrict 
the  blood  vessels  and  reduce  inflamed  and  swollen  nasal 


TABLE  5.2  Location  and  Physiological  Actions  of 

Peripheral  a-  and  (3-Adrenergic  Receptors 


Location 

Action 

Receptor  subtype 

Heart 

Increased  rate  and 
force  of  contraction 

p 

Blood  vessels 

Constriction 

a 

Dilation 

p 

Smooth  muscle  of  the 
trachea  and  bronchi 

Relaxation 

p 

Uterine  smooth  muscle 

Contraction 

a 

Bladder 

Contraction 

a 

Relaxation 

p 

Spleen 

Contraction 

a 

Relaxation 

p 

Iris 

Pupil  dilation 

a 

Adipose  (fat)  tissue 

Increased  fat 
breakdown  and  release 

p 
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membranes  resulting  from  colds  and  allergies.  In  the  form  of 
eye  drops,  it  is  also  used  to  stimulate  a- receptors  of  the  iris  to 
dilate  the  pupil  during  eye  examinations  or  before  surgery  of 
the  eyes. 

Alpha2- receptor  agonists  such  as  clonidine  are  commonly 
used  in  the  treatment  of  hypertension  (high  blood  pressure). 
The  therapeutic  benefit  of  these  drugs  is  due  to  their  ability 
to  inhibit  activity  of  the  sympathetic  nervous  system  while 
stimulating  the  parasympathetic  system.  The  combined 
effect  of  these  actions  is  to  reduce  the  patient’s  heart  rate  and 
blood  pressure.  As  would  be  expected  from  our  previous  dis- 
cussion of  a2-agonists,  the  typical  side  effects  of  clonidine 
treatment  are  sedation  and  feelings  of  sleepiness. 

Adrenergic  receptor  antagonists  likewise  have  varied  clin- 
ical uses.  For  example,  the  a2-antagonist  yohimbine  helps  in 
the  treatment  of  certain  types  of  male  sexual  impotence.  This 
compound  increases  parasympathetic  and  decreases  sympa- 
thetic activity,  which  is  thought  to  stimulate  penile  blood 
inflow  and/or  inhibit  blood  outflow. 

The  aY -antagonist  prazosin  and  the  general  P-adreno- 
ceptor  antagonist  propranolol  are  both  used  clinically  in  the 
treatment  of  hypertension.  Prazosin  causes  a dilation  of 
blood  vessels  by  blocking  the  a, -receptors  responsible  for 
constricting  these  vessels.  In  contrast,  the  main  function  of 
propranolol  is  to  block  the  p-receptors  in  the  heart,  thereby 
reducing  the  heart’s  contractile  force.  The 
discovery  that  pt  is  the  major  adrenoceptor 
subtype  in  the  heart  has  led  to  the  introduc- 
tion of  Pj -selective  antagonists  such  as 
metoprolol.  These  compounds  exhibit 
fewer  side  effects  than  the  more  general  P- 
antagonist  propranolol.  Beta-receptor 
antagonists  like  propranolol  and  metopro- 
lol are  also  useful  in  the  treatment  of  car- 
diac arrhythmia  (irregular  heartbeat)  and 
angina  pectoris  (feelings  of  pain  and  con- 
striction around  the  heart  caused  by  defi- 
cient blood  flow  and  oxygen  delivery  to  the 
heart). 

Finally,  it  should  be  mentioned  that  pro- 
pranolol and  other  p-antagonists  have  also 
been  applied  to  the  treatment  of  generalized 
anxiety  disorder,  which  is  one  of  the  most 
common  types  of  anxiety  disorder  (see 
Chapter  17).  Many  patients  with  general- 
ized anxiety  disorder  suffer  from  physical 
symptoms  such  as  palpitations,  flushing, 
and  tachycardia  (racing  heart).  Beta-block- 
ers do  not  alleviate  anxiety  per  se,  but 
instead  they  may  help  the  patient  feel  better 
by  reducing  some  of  these  distressing  phys- 
ical symptoms  of  the  disorder. 


Section  Summary 

The  most  important  cluster  of  noradrenergic  neurons  is  the 
A6  cell  group,  which  is  located  in  a region  known  as  the  locus 
coeruleus.  These  neurons  innervate  almost  all  areas  of  the 
forebrain  and  mediate  many  of  the  important  behavioral 
functions  of  NE.  Activity  of  LC  cells  depends  on  the  behav- 
ioral state  of  the  organism.  The  cells  are  relatively  inactive 
during  sleep,  but  they  fire  at  a rapid  rate  in  response  to  novel 
sensory  stimuli.  The  noradrenergic  system  is  thus  thought  to 
be  important  in  the  maintenance  of  vigilance. 

NE  and  EPI  activate  a group  of  metabotropic  receptors 
called  adrenoceptors.  They  are  divided  into  two  broad  fami- 
lies, a and  (3,  which  are  further  subdivided  into  ap  a2,  Pp 
and  p2.  Both  (3-receptor  subtypes  enhance  the  synthesis  of 
cAMP,  whereas  a2-receptors  inhibit  cAMP  formation. 
Another  mechanism  of  action  of  a2-receptors  involves 
hyperpolarization  of  the  cell  membrane  by  stimulating  K+ 
channel  opening.  In  contrast,  a, -receptors  increase  the  intra- 
cellular concentration  of  Ca2+  ions  by  means  of  the  phos- 
phoinositide  second-messenger  system. 

Some  of  the  drugs  that  affect  the  noradrenergic  system, 
including  adrenergic  receptor  agonists  and  antagonists,  are 
presented  in  Table  5.3.  Adrenergic  agonists  are  used  thera- 
peutically for  various  physiological  and  psychological  disor- 


Selectively  inhibits  NE  reuptake 
Stimulates  a j -receptors  (agonist) 
Stimulates  oc2-receptors  (agonist) 

Stimulates  P-receptors  (partially 
selective  for  p2) 

Blocks  ax -receptors  (antagonist) 
Blocks  cc2-receptors  (antagonist) 

Blocks  p-receptors  generally 
(antagonist) 

Blocks  Pj -receptors  (antagonist) 


Prazosin 

Yohimbine 

Propranolol 

Metoprolol 


TABLE  5.3  Drugs  That  Affect  the  Noradrenergic  System 
Drug  Action 


Phenelzine 

a-Methyl-pflra-tyrosine  (AMPT) 
Reserpine 

6-Hydroxydopamine  (6-OHDA) 
Amphetamine 

Cocaine  and  methylphenidate 
Desipramine 
Phenylephrine 
Clonidine 
Albuterol 


Increases  catecholamine  levels  by 
inhibiting  MAO 

Depletes  catecholamines  by 
inhibiting  tyrosine  hydroxylase 

Depletes  catecholamines  by 
inhibiting  vesicular  uptake 

Damages  or  destroys  catecholaminergic 
neurons 

Releases  catecholamines 

Inhibit  catecholajnine  reuptake 
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ders.  These  include  the  o^-agonist  phenylephrine,  which 
helps  relieve  nasal  congestion;  the  a2-agonist  clonidine, 
which  is  used  in  the  treatment  of  hypertension  and  drug 
withdrawal  symptoms;  and  (32-agonists  such  as  albuterol, 
which  is  an  important  medication  for  relieving  bronchial 
congestion  in  people  suffering  from  asthma.  Adrenergic 
receptor  antagonists  also  have  several  clinical  uses.  The  a2- 
antagonist  yohimbine  is  sometimes  prescribed  for  male 
impotence.  The  al -antagonist  prazosin,  the  general  (3-recep- 
tor antagonist  propranolol,  and  several  selective  (3 ^antago- 
nists such  as  metoprolol  are  used  in  the  treatment  of  hyper- 
tension. Beta-blockers  also  have  a role  in  the  treatment  of 

s 

generalized  anxiety  disorders,  because  these  drugs  reduce 
some  of  the  somatic  symptoms  associated  with  strong  anxi- 
ety. In  general,  the  clinical  application  of  adrenoceptor  ago- 
nists and  antagonists  can  be  understood  from  the  receptor 
subtypes  in  specific  tissues  or  organs  that  they  target  and  the 


resulting  physiological  effect  of  stimulating  or  blocking  those 
receptors. 
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magine  that  you  are  a United  States  soldier  fighting  in  some  future  war. 
The  conflict  is  not  going  well  for  your  adversary,  and  recent  military 
intelligence  indicates  that  the  enemy  may  be  preparing  to  use  chemical 
weapons  (that  is,  nerve  gas).  Out  on  the  battlefield,  a missile  explodes  nearby, 
and  you  are  suddenly  enveloped  in  a fine  mist  emanating  from  the  warhead. 
You  experience  a few  moments  of  terror  but  then  begin  to  relax  when  you 
realize  that  the  antidote  you  took  earlier  in  the  day  is  doing  its  job.  If  you 
hadn’t  taken  your  pills  as  directed,  you  would  now  be  sweating  and  salivating 
profusely,  vomiting  uncontrollably,  gasping  for  breath,  convulsing,  and  rap- 
idly heading  toward  a gruesome  death. 

How  does  a nerve  gas  produce 
these  horrible  effects,  and  how 
would  an  antidote  work?  As  we  shall 
see  in  this  chapter,  nerve  gases  and 
their  antidotes  all  revolve  around  a 
neurotransmitter  called  acetyl- 
choline (ACh;  adjective  form 
cholinergic).  ACh  is  a particularly 
fascinating  transmitter — a molecule 
that  is  life-sustaining  in  its  function 
but  that  is  also  the  target  of  some  of 
the  most  deadly  known  toxins,  both 
naturally  occurring  and  man-made. 
In  the  second  part  of  this  chapter,  we 
will  discuss  another  transmitter, 
serotonin,  that  also  plays  a central 
role  in  many  behavioral  and  physio- 
logical functions. 


. : ' such  as  this  may  be  worn  by  soldiers  to  protect  against  nerve  gases,  which  are 
: ~ its  that  work  through  the  cholinergic  system. 
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Acetylcholine 

Acetylcholine  Synthesis,  Release, 
and  Inactivation 

Acetylcholine  synthesis  is  catalyzed  by  the 
enzyme  choline  acetyltransf erase 

In  contrast  to  the  multiple  steps  required  to  synthesize  the 
catecholamine  transmitters,  ACh  is  formed  in  a single  step 
from  two  precursors:  choline  and  acetyl  coenzyme  A (acetyl 
CoA)  (Figure  6.1).  The  choline  comes  mainly  from  fat  in  our 
diet  (choline-containing  lipids),  although  it  is  also  produced 
in  the  liver.  Acetyl  CoA  is  generated  within  all  cells  by  the 
metabolism  of  sugars  and  fats.  The  synthesis  of  ACh  is  cat- 
alyzed by  the  enzyme  choline  acetyltransferase  (ChAT), 
which  does  just  what  its  name  implies:  it  transfers  the  acetyl 
group  ( — COCH3)  from  acetyl  CoA  to  choline  to  form  ACh. 
Choline  acetyltransferase  is  present  in  the  cytoplasm  of  the 
cell,  and  this  enzyme  is  found  only  in  neurons  that  use  ACh 
as  their  transmitter.  This  specificity  allows  us  to  identify 
cholinergic  neurons  by  staining  for  ChAT. 

The  rate  of  ACh  synthesis  is  controlled  by  several  factors, 
including  the  availability  of  its  precursors  inside  the  cell  as 
well  as  the  rate  of  cell  firing.  Thus  cholinergic  neurons  make 
more  ACh  when  more  choline  and/or  acetyl  CoA  is  avail- 
able, and  also  when  the  neurons  are  stimulated  to  fire  at  a 
higher  rate.  Although  knowledge  of  these  regulatory 
processes  has  helped  researchers  understand  how  the  ACh 
system  functions,  it  has  not  yet  led  to  the  development  of 
useful  pharmacological  agents.  For  example,  it  has  been  dif- 
ficult to  find  highly  selective  inhibitors  of  ChAT,  and  even  if 
such  drugs  are  eventually  isolated,  it  is  not  clear  that  inhibit- 
ing ACh  synthesis  has  any  obvious  clinical  usefulness.  At  one 
time,  it  was  thought  that  boosting  brain  ACh  levels  by 
administering  large  doses  of  choline  might  be  beneficial  to 
patients  suffering  from  Alzheimer’s  disease,  since  damage  to 
the  cholinergic  system  is  one  of  the  factors  contributing  to 
the  cognitive  deficits  seen  in  that  disorder.  However,  not 
only  did  choline  treatment  fail  to  produce  symptom 
improvement,  peripheral  metabolism  of  this  compound 
unfortunately  caused  the  patients  to  give  off  a strong  fishy 
odor! 


Many  different  drugs  and  toxins  can  alter 
acetylcholine  storage  and  release 

The  axon  terminals  of  cholinergic  neurons  contain  many 
small  synaptic  vesicles  that  store  ACh  for  release  when  the 
nerve  cell  is  active.  It  is  estimated  that  a few  thousand  mole- 
cules of  transmitter  are  present  in  each  vesicle.  Vesicles  are 
loaded  with  ACh  by  a transport  protein  in  the  vesicle  mem- 
brane called,  appropriately,  the  vesicular  ACh  transporter 
(Figure  6.2).  This  protein  can  be  blocked  by  a drug  called 
vesamicol.  What  effect  would  you  expect  vesamicol  to  have 
on  cholinergic  neurons?  Would  you  predict  any  drug- 
induced  change  in  the  distribution  of  ACh  between  the  cyto- 
plasm and  the  synaptic  vesicles  within  the  cholinergic  nerve 
terminals?  Furthermore,  if  there  was  a redistribution  of  ACh, 
what  effect  would  this  have  on  ACh  release  by  the  cells?  If 
you  predicted  that  vesamicol  treatment  would  decrease  vesic- 
ular ACh  but  increase  the  level  of  ACh  in  the  cytoplasm,  you 
were  correct.  This  is  because  vesamicol  doesn’t  affect  the  rate 
of  ACh  synthesis;  therefore,  ACh  molecules  that  would  nor- 
mally have  been  transported  into  the  vesicles  remain  in  the 
cytoplasm  of  the  terminal.  Moreover,  as  ACh  is  only  released 
from  the  vesicles  when  the  cholinergic  neurons  fire,  ACh 
release  is  reduced  in  the  presence  of  vesamicol.  We  can  imag- 
ine that  the  cholinergic  vesicles  are  still  present  and  are  con- 
tinuing to  undergo  exocytosis  when  the  neurons  are  activat- 
ed, but  the  amount  of  ACh  available  within  the  vesicles  to  be 
released  is  abnormally  low. 

The  release  of  ACh  is  also  dramatically  affected  by  various 
animal  and  bacterial  toxins.  For  example,  a toxin  found  in  the 
venom  of  the  black  widow  spider,  Latrodectus  mactans , leads 
to  a massive  release  of  ACh  at  synapses  in  the  peripheral  nerv- 
ous system  (PNS).  Overactivity  of  the  cholinergic  system 
causes  numerous  symptoms,  including  muscle  pain  in  the 
abdomen  or  chest,  tremors,  nausea  and  vomiting,  salivation, 
and  copious  sweating.  Ounce  for  ounce,  black  widow  spider 
venom  is  15  times  more  toxic  than  prairie  rattlesnake  venom, 
but  a single  spider  bite  is  rarely  fatal  in  healthy  young  adults 
because  of  the  small  amount  of  venom  injected  into  the  vic- 
tim. In  contrast  to  the  effects  of  black  widow  spider  venom, 
the  toxins  that  cause  botulism  poisoning- potently  inhibit  ACh 
release.  As  described  in  Box  6.1,  this  inhibition  of  cholinergic 
activity  can  be  deadly  due  to  muscular  paralysis. 
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Figure  6.2  A cholinergic  synapse  illustrating  the  processes  of  ACh  synthesis 
and  metabolism,  presynaptic  choline  uptake,  and  vesicular  ACh  uptake  and 
release.  Postsynaptic  nicotinic  and  muscarinic  ACh  receptors  are  also  shown. 


Acetylcholinesterase  is  responsible  for 
acetylcholine  breakdown 

Levels  of  ACh  are  carefully  controlled  by  an  enzyme  called 
acetylcholinesterase  (AChE),  which  breaks  down  the  trans- 
mitter into  choline  and  acetic  acid  (Figure  6.3).  Within  the 
cell,  AChE  is  located  in  several  strategic  locations.  One  form 
of  the  enzyme  is  found  inside  the  presynaptic  cell,  where  it 
can  metabolize  excess  ACh  that  may  have  been  synthesized. 
Another  form  of  AChE  is  present  on  the  membrane  of  the 
postsynaptic  cell  to  break  down  molecules  of  ACh  after  their 
release  into  the  synaptic  cleft.  Finally,  a unique  type  of  AChE 
is  found  at  neuromuscular  junctions,  which  are  specialized 
synapses  between  neurons  and  muscle  cells  where  ACh  is 
released  by  motor  neurons  to  stimulate  muscular  contraction. 


The  muscle  cells  actually  secrete  AChE  into 
the  space  between  themselves  and  the  cholin- 
ergic nerve  endings,  and  the  enzyme  mole- 
cules become  immobilized  there  by  attaching 
to  other  proteins  within  the  neuromuscular 
junction.  This  unique  location  helps  the 
transmission  process  function  very  precisely 
at  neuromuscular  junctions.  Immediately 
after  a squirt  of  ACh  causes  a particular  mus- 
cle to  contract,  the  transmitter  is  metabolized 
extremely  rapidly  so  that  the  muscle  can  relax 
until  the  next  command  arrives  to  squirt  out 
some  more  ACh  and  contract  that  muscle 
once  again. 

Once  ACh  has  been  broken  down  within 
the  synaptic  cleft,  a significant  portion  of  the 
liberated  choline  is  then  taken  back  up  into 
the  cholinergic  nerve  terminal  by  a choline 
transporter  in  the  membrane  of  the  termi- 
nal (see  Figure  6.2).  If  the  choline  transporter 
is  blocked  by  means  of  the  drug  hemicholin- 
ium-3  (HC-3),  the  rate  of  ACh  production 
declines.  This  tells  us  that  reutilization  of 
recycled  choline  plays  an  important  role  in 
maintaining  ongoing  ACh  synthesis.  HC-3 
cannot  cross  the  blood-brain  barrier,  but  if 
central  ACh  is  depleted  by  administration  of 
HC-3  directly  into  the  brain,  rats  show 
impaired  performance  on  a task  requiring 
visual  attention  (Muir  et  al.,  1992).  This  find- 
ing is  consistent  with  other  evidence,  to  be  presented  later  in 
this  chapter,  suggesting  that  ACh  plays  a role  in  various  cog- 
nitive functions,  including  attention. 

Drugs  that  block  AChE  prevent  the  inactivation  of  ACh, 
thereby  increasing  the  transmitter  s postsynaptic  effects.  One 
such  drug  is  physostigmine  (Eserine),  a compound  isolated 
from  Calabar  beans  (the  seeds  of  a woody  plant  found  in  the 
Calabar  region  of  Nigeria).  Physostigmine  crosses  the 
blood-brain  barrier  and  thus  exerts  effects  on  the  central 
nervous  system  (CNS).  Accidental  poisoning  leads  to  slurred 
speech,  mental  confusion,  hallucinations,  loss  of  reflexes, 
convulsions,  and  even  coma  and  death.  Nineteenth-century 
missionaries  to  West  Africa  discovered  societies  that  used 
extracts  of  the  Calabar  bean  to  determine  the  guilt  of  accused 
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BOX  6.1 


Pharmacology  in  Action 


Botulinum  Toxin— Deadly  Poison, 
Therapeutic  Remedy,  and  Cosmetic  Aid 


The  bacterium  Clostridium  botulinum , 
which  is  responsible  for  botulism  poi- 
soning, produces  what  is  perhaps  the 
most  potent  toxin  known  to  pharma- 
cologists.The  estimated  lethal  dose  of 
botulinum  toxin  in  humans  is  0.3  jig; 
in  other  words,  1 gram  (equivalent  to 
the  weight  of  three  aspirin  tablets)  is 
enough  to  kill  over  3 million  individu- 
als. Clostridium  botulinum  does  not 
grow  in  the  presence  of  oxygen;  how- 
ever, it  can  thrive  in  an  anaerobic  (oxy- 
gen-free) environment  such  as  a 
sealed  food  can  that  has  not  been 
properly  heated  to  kill  the  bacteria. 

Botulinum  toxin  actually  consists  of 
a mixture  of  seven  related  proteins 
known  as  botulinum  toxins  A through 
G. These  proteins  are  taken  up  selec- 
tively by  the  cholinergic  neurons  that 
innervate  our  skeletal  muscles.The 
toxin  molecules  interfere  with  the 
process  of  ACh  release  at  neuromuscu- 
lar junctions, thereby  causing  muscle 
weakness  and  even  paralysis  (see  fig- 
ure).The  symptoms  of  botulism  poi- 
soning include  blurred  vision,  difficulty 
speaking  and  swallowing,  muscle 
weakness, and  gastrointestinal  distress. 
Most  victims  recover,  although  a small 
percentage  die  due  to  severe  muscle 
paralysis  and  eventual  asphyxiation. 

Once  the  mechanism  of  action  of 
botulinum  toxin  became  known, 


researchers  began  to  consider  that 
this  substance,  if  used  carefully  and  at 
very  low  doses,  might  be  helpful  in 
treating  clinical  disorders  character- 
ized by  involuntary  muscle  contrac- 
tions. After  appropriate  testing,  in 
1 989  the  United  States  Food  and  Drug 
Administration  approved  the  use  of 
purified  botulinum  toxin  A for  the 
treatment  of  strabismus  (crossed 
eyes),  blepharospasm  (spasm  of  the 


Mechanism  of  action  of  botulinum 

Botulinum  toxin  blocks  ACh  release  at  the 
neuromuscular  junction  by  preventing 
fusion  of  synaptic  vesicles  with  the  nerve 
terminal  membrane. 


eyelid),  and  hemifacial  spasm  (muscle 
spasms  on  just  one  side  of  the  face). 
Since  that  time,  this  substance  has 
also  been  administered  for  a variety  of 
other  disorders,  including  spastic 
cerebral  palsy,  dystonias  (prolonged 
muscle  contractions,  sometimes  seen 
as  repeated  jerking  movements),  and 
achalasia  (failure  of  sphincter  muscles 
to  relax  when  appropriate). 

Most  remarkably,  dermatologists 
have  begun  to  use  botulinum  toxin 
(trade  name  Botox)  for  cosmetic  pur- 
poses in  patients  with  excessive  frown 
lines,  worry  lines,  or  crow's-feet 
around  the  eyes.  Such  "dynamic  wrin- 
kles,"as  they  are  called,  result  from 
chronic  contraction  of  specific  facial 
muscles.  When  injected  locally  into  a 
particular  muscle  or  surrounding  area, 
Botox  causes  a paralysis  of  that  mus- 
cle due  to  a blockade  of  ACh  release 
from  the  incoming  motor  nerve 
fibers.This  leads  to  a reduction  in  the 
offending  lines  or  wrinkles,  although 
each  treatment  remains  effective  for 
only  a few  months,  after  which  it  must 
be  repeated. 

According  to  recent  surveys, 
increasing  numbers  of  people  are 
turning  to  Botox  treatments  for  purely 
cosmetic  purposes.  Depending  on 
one's  perspective,  this  trend  might  be 
considered  either  horrifying  or  liber- 
ating. Nevertheless,  until  true  antiag- 
ing techniques  are  developed,  it  is 
safe  to  say  that  some  folks  will  use 
whatever  methods  are  available  to 
appear  younger  than  they  really  are. 


prisoners  (David,  1985).  The  defendant  was  considered 
innocent  if  he  was  fortunate  enough  to  regurgitate  the  poi- 
son or,  alternatively,  if  he  could  manage  to  walk  10  feet  under 
the  influence  of  the  toxin  (in  which  case  vomiting  was 
induced).  Needless  to  say,  however,  most  prisoners  did  nei- 
ther, and  were  consequently  judged  guilty  and  permitted  to 
die  a horrible  death. 

Neostigmine  (Prostigmin)  and  pyridostigmine  (Mesti- 
non)  are  synthetic  analogs  of  physostigmine  that  do  not  cross 
the  blood-brain  barrier.  These  drugs  are  beneficial  in  the 
treatment  of  a serious  neuromuscular  disorder  called  myas- 


thenia gravis.  Because  ACh  is  released  at  neuromuscular 
junctions,  the  muscle  cells  obviously  possess  cholinergic 
receptors  so  that  they  can  respond  to  the  neurotransmitter. 
For  reasons  that  are  not  yet  clear,  patients  with  myasthenia 
gravis  develop  antibodies  against  their  own  muscle  choliner- 
gic receptors.  Thus,  myasthenia  gravis  is  an  example  of  an 
autoimmune  disorder,  a condition  in  which  a part  of  the 
body  is  attacked  by  one’s  own  immune  system.  In  this  case, 
the  antibodies  block  the  muscle  acetylcholine  receptors  and 
eventually  cause  the  receptors  to  be  broken  down  by  the  mus- 
cle cells  (Figure  6.4).  The  loss  of  receptor  function  causes  the 
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Normal  neuromuscular 
junction 


Neuromuscular  junction  in 
myasthenia  gravis 


Figure  6.4  Myasthenia  gravis,  an  autoimmune  disorder  In  myasthenia 
gravis,  antibodies  interfere  with  cholinergic  transmission  at  the  neuromuscular 
junction  by  binding  to  and  blocking  the  muscle  ACh  receptors. 


dostigmine  bromide  (PB)  were  widely  dis- 
tributed to  Allied  troops  for  use  as  a nerve 
gas  antidote.  How  can  a reversible  AChE 
inhibitor  be  an  antidote  against  Sarin  or 
Soman?  It  appears  that  the  temporary  inter- 
action of  PB  with  the  enzyme  protects  AChE 
from  permanent  inactivation  by  the  nerve 
gas.  This  protective  effect,  however,  requires 
that  the  antidote  be  administered  ahead  of 
time,  before  exposure  to  the  toxic  agent. 
Therefore,  soldiers  were  instructed  to  take 
three  PB  pills  daily  at  times  when  they  were 
thought  to  be  at  risk  for  nerve  gas  attack/ 
Previous  animal  studies  had  suggested  that 
the  PB  itself  would  not  cause  any  adverse 
effects  because  of  low  penetration  across  the 
blood-brain  barrier.  However,  it  appears 
that  the  blood-brain  barrier  can  be  “opened 
up”  under  stress,  and  indeed,  a subsequent 
study  showed  that  much  more  PB  entered 
the  brains  of  stressed  mice  than  mice  that 
hadn't  undergone  stress  (Figure  6.5)  (Fried- 


patient's  muscles  to  be  less  sensitive  to  ACh,  which  in  turn 
leads  to  severe  weakness  and  fatigue.  By  inhibiting  AChE, 
neostigmine  and  pyridostigmine  prolong  the  action  of  ACh 
at  the  neuromuscular  junction,  which  causes  increased  stim- 
ulation of  the  remaining  undamaged  cholinergic  receptors. 

Physostigmine,  neostigmine,  and  pyridostigmine  are 
reversible  AChE  inhibitors,  which  means  that  ACh  break- 
down is  restored  after  the  drug  dissociates  from  the  enzyme. 
Certain  other  compounds,  however,  produce  a nearly  irre- 
versible inhibition  of  AChE  activity.  Weaker  versions  of  these 
chemicals  are  widely  used  as  insecticides,  since  preventing 
ACh  breakdown  is  just  as  harmful  to  ants  and  wasps  as  it  is 
to  humans.  More-toxic  varieties  of  irreversible  AChE 
inhibitors  have  unfortunately  been  developed  as  “nerve 
gases”  for  use  in  chemical  warfare.  These  agents  go  by  names 
such  as  Sarin  and  Soman.  They  are  designed  to  be  dispersed 
as  a vapor  cloud  or  spray,  which  allows  their  entry  into  the 
body  through  skin  contact  or  by  inhalation.  In  either  case, 
the  drug  quickly  penetrates  into  the  bloodstream  and  is  dis- 
tributed to  all  organs,  including  the  brain.  The  symptoms  of 
nerve  gas  poisoning,  which  were  described  in  the  opening 
passage  of  this  chapter,  are  due  to  rapid  ACh  accumulation 
and  overstimulation  of  cholinergic  synapses  throughout 
both  the  CNS  and  PNS.  Death  occurs  through  asphyxiation 
due  to  paralysis  of  the  muscles  of  the  diaphragm. 

Sarin  gas  was  used  by  terrorists  in  the  infamous  Tokyo 
subway  attack  in  1995.  During  the  Persian  Gulf  War  of 
1990-1991  as  well  as  the  more  recent  conquest  of  Iraq, 
Allied  forces  were  also  very  concerned  about  the  possible  use 
of  this  agent  by  the  Iraqi  army.  Consequently,  tablets  of  pyri- 


* Although  PB  was  only  to  be  taken  under  presumed  threat  of  a gas 
attack,  one  physician  at  a Veterans  Administration  Medical  Center 
has  stated  that  some  military  units  participating  in  the  Gulf  War 
took  the  drug  “every  day  they  were  in  the  Gulf”  (Gavaghan,  1994). 


Figure  6.5  Stress  increases  pyridostigmine  entry  into 
the  brain.  Mice  were  stressed  by  a forced  swim  test,  followed 
10  minutes  later  by  intraperitoneal  injection  of  various  doses  of 
pyridostigmine.  Other  mice  were  unstressed  prior  to  pyridostig- 
mine administration.  Brain  tissues  were  subsequently  analyzed 
for  AChE  to  determine  the  amount  of  enzyme  activity  com- 
pared to  unstressed  control  animals  that  had  not  received  any 
drug.  Unstressed  mice  showed  relatively  little  AChE  inhibition  at 
any  dose,  indicating  a lack  of  penetration  of  pyridostigmine  into 
the  brain  under  normal  conditions.  In  contrast, the  stressed 
mice  showed  a high  degree  of  AChE  inhibition  even  at  low 
doses,  showing  that  more  pyridostigmine  crossed  the 
blood-brain  barrier  in  these  animals.  (After  Friedman  et  al., 
1996.) 
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man  et  al.,  1996).  This  raises  the  possibility  of  increased 
exposure  of  the  brain  to  PB  in  Allied  soldiers,  who  were  not 
only  engaged  in  combat  but  were  additionally  worried  that 
they  might  be  exposed  to  a deadly  toxin.  You  may  have 
heard  of  the  so-called  Gulf  War  syndrome,  the  existence  of 
which  has  still  not  been  resolved  at  the  time  of  this  writing. 
Some  researchers  claim  to  have  identified  three  different 
syndromes,  each  with  a distinct  set  of  symptoms  and  caused 
by  a different  chemical  exposure  (Haley  et  al.,  1997).  The 
syndrome  reportedly  associated  with  the  taking  of  PB  has 
been  termed  confusion-ataxia  and  is  manifested  by  cogni- 
tive impairment,  dizziness,  and  problems  of  balance  and 
coordination.  However,  it  is  still  unclear  whether  the  three 
proposed  syndromes  can  be  substantiated,  and  researchers 
have  yet  to  convincingly  demonstrate  a causal  relationship 
between  PB  exposure  and  any  symptoms  manifested  by  Gulf 
War  veterans. 


Section  Summary 

Acetylcholine  is  synthesized  from  choline  and  acetyl  CoA  in 
a single  reaction  catalyzed  by  the  enzyme  choline  acetyl- 
transferase.  The  rate  of  ACh  synthesis  is  controlled  by  pre- 
cursor availability  and  is  also  increased  by  cholinergic  cell  fir- 
ing. The  neurotransmitter  is  loaded  into  synaptic  vesicles  by 
a specific  vesicular  ACh  transporter.  A variety  of  animal  and 
bacterial  toxins  influence  the  cholinergic  system  either  by 
stimulating  or  inhibiting  ACh  release. 

Following  its  release  into  the  synapse  or  neuromuscular 
junction,  ACh  is  rapidly  degraded  by  the  enzyme  AChE.  Much 
of  the  liberated  choline  is  taken  back  up  into  the  cholinergic 
nerve  terminal  by  a choline  transporter.  Drugs  that  block 
AChE  cause  a prolongation  of  ACh  action  at  postsynaptic  or 
muscular  cholinergic  receptors.  Reversible  AChE  antagonists 
are  sometimes  used  in  the  treatment  of  the  neuromuscular 
disorder  myasthenia  gravis,  whereas  irreversible  AChE 
inhibitors  are  the  main  ingredients  of  dreaded  nerve  gases. 

Organization  and  Function  of  the 
Cholinergic  System 

Cholinergic  neurons  play  a key  role  in  the 
functioning  of  both  the  peripheral  and  central 
nervous  systems 

Acetylcholine  was  first  identified  as  a neurotransmitter  in  the 
PNS.  We  have  already  noted  that  ACh  is  the  transmitter 
released  at  neuromuscular  junctions  throughout  the  body. 
This  substance  additionally  plays  a crucial  role  in  both  the 
sympathetic  and  parasympathetic  branches  of  the  autonom- 
ic nervous  system.  To  briefly  review  the  relevant  features  of 
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Figure  6.6  Cholinergic  synapses  in  the  parasympathetic 
and  sympathetic  branches  of  the  autonomic  nervous 
system 


these  branches  of  the  autonomic  nervous  system,  each  con- 
sists of  preganglionic  neurons,  which  are  cells  located  within 
the  CNS  that  send  their  axons  to  the  autonomic  ganglia,  as 
well  as  ganglionic  neurons  located  within  the  ganglia  that 
innervate  various  target  organs  throughout  the  body.  The 
preganglionic  neurons  of  both  branches  are  cholinergic,  as 
are  the  ganglionic  neurons  of  the  parasympathetic  system 
(we  saw  in  the  previous  chapter  that  norepinephrine  is  the 
transmitter  of  the  sympathetic  ganglionic  neurons).  Figure 
6.6  illustrates  the  chemical  coding  of  these  cells  and  the 
synapses  they  make.  The  widespread  involvement  of  ACh  in 
both  the  neuromuscular  and  autonomic  systems  explains 
why  drugs  interfering  with  this  transmitter  exert  such  pow- 
erful physiological  effects  and  are  sometimes  highly  toxic. 

Within  the  brain,  the  cell  bodies  of  cholinergic  neurons 
are  clustered  within  just  a few  areas  (Figure  6.7).  Some  of 
these  nerve  cells  are  interneurons,  such  as  the  ones  found 
within  the  striatum.  In  the  previous  chapter,  we  saw  that  the 
dopaminergic  input  to  the  striatum  plays  a critical  role  in  the 
regulation  of  movement.  This  regulation  depends  partly  on 
the  balance  between  ACh  and  dopamine  (DA);  that  is,  when 
DA  is  low,  as  in  Parkinson’s  disease,  the  resulting  neuro- 
transmitter imbalance  contributes  to  the  motor  symptoms 
of  the  disorder.  Consequently,  anticholinergic  drugs  such  as 
orphenadrine  (Norflex),  benztropine  mesylate  (Cogentin), 
and  trihexyphenidyl  (Artane)  are  sometimes  prescribed 
instead  of  l-DOPA  in  the  early  stages  of  Parkinson’s  disease. 

Other  cholinergic  neurons  send  their  axons  longer  dis- 
tances to  innervate  many  different  brain  areas.  For  example, 
there  is  a diffuse  collection  of  cholinergic  nerve  cells  called 
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Figure  6.7  Anatomy  of  cholinergic  pathways  in  the  brain 

The  cell  bodies  of  cholinergic  neurons  are  located  primarily  in 
the  striatum,  nucleus  basalis,  medial  septum,  diagonal  band 
nuclei,  substantia  innominata,  pedunculopontine  tegmental 
nucleus,  and  dorsolateral  tegmental  nucleus.  Note  that  the  basal 
forebrain  cholinergic  cell  groups  send  fibers  to  all  areas  of  the 


cortex  as  well  as  to  limbic  system  structures  such  as  the  hip- 
pocampus and  amygdala. The  cell  groups  of  the  pedunculopon- 
tine tegmental  and  dorsolateral  tegmental  nuclei  primarily 
innervate  subcortical  structures  that  do  not  receive  input  from 
the  basal  forebrain  system,  caudate-putamen,  and  nucleus 
accumbens. 


the  basal  forebrain  cholinergic  system  (BFCS)  that  com- 
prises neurons  interspersed  among  several  anatomical  areas, 
including  the  nucleus  basalis,  substantia  innominata,  medial 
septal  nucleus,  and  the  diagonal  band  nuclei.  The  BFCS  is  the 
origin  of  a dense  cholinergic  innervation  of  the  cerebral  cor- 
tex as  well  as  the  hippocampus  and  other  limbic  system 
structures. 

Research  over  many  years  has  led  to  the  view  that  ACh, 
and  more  specifically  the  BFCS,  plays  an  important  role  in 
cognitive  functioning.  Early  studies  on  rats  and  mice  found 
that  anticholinergic  drugs  such  as  atropine  and  scopolamine 
interfered  with  the  acquisition  and  maintenance  of  many  dif- 
ferent kinds  of  learning  tasks  (Spencer  and  Lai,  1983).  Both 
atropine  and  scopolamine  block  one  subtype  of  ACh  recep- 
tor, the  muscarinic  receptor,  suggesting  that  this  receptor 
subtype  is  necessary  for  the  cognition-enhancing  effects  of 
ACh.  However,  this  research  could  not  tell  us  where  the  key 
cholinergic  synapses  are  located,  since  peripherally  adminis- 
tered atropine  and  scopolamine  reach  all  parts  of  the  brain 
and  therefore  block  all  central  muscarinic  receptors. 

More-direct  information  concerning  the  role  of  the  BFCS 
in  cognitive  functioning  has  been  obtained  from  studies 
involving  lesions  of  this  system.  An  important  innovation  in 
this  research  area  occurred  with  the  introduction  of  a cholin- 


ergic neuro toxin  called  192  IgG-saporin.  This  odd-sound- 
ing substance  contains  a monoclonal  antibody,  192  IgG,  that 
binds  specifically  to  a cell  surface  protein  carried  by  the  basal 
forebrain  cholinergic  neurons.  The  other  part  of  the  mole- 
cule, saporin,  is  a cellular  toxin  obtained  from  the  soapwort 
plant,  Saponaria  officinalis.  When  192  IgG-saporin  is  inject- 
ed into  the  brain’s  ventricular  system,  the  basal  forebrain 
cholinergic  neurons  take  up  the  toxin  due  to  binding  of  the 
antibody  part  of  the  molecule.  As  a result,  those  neurons  are 
destroyed  while  neighboring  noncholinergic  cells  are  spared. 
Rats  treated  with  192  IgG-saporin  exhibit  disruptions  in  sev- 
eral different  cognitive  functions,  including  learning,  memo- 
ry, and  attention  (Wrenn  and  Wiley,  1998).  One  example  is 
shown  in  Figure  6.8.  Interestingly,  some  learning  tasks 
require  very  large  reductions  (>75  to  85%)  in  ACh  levels 
before  lesion-induced  deficits  are  observed.  It  may  be  that 
only  a relatively  small  amount  of  cholinergic  input  from  the 
BFCS  is  required  for  most  cognitive  functions. 

More  than  20  years  ago,  Raymond  Bartus  and  his  col- 
leagues proposed  that  the  cognitive  decline  that  often  occurs 
with  aging  is  due,  at  least  in  part,  to  a dysfunction  of  the 
BFCS  (Bartus  et  al.,  1982).  This  spurred  tremendous  interest 
in  the  BFCS,  not  only  with  respect  to  normal  aging  but  also 
regarding  a possible  role  in  the  age-related  disorder, 
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Figure  6.8  Cholinergic  lesions  produced  by  central  infu- 
sions of  192  IgG-saporin  impair  spatial  navigation  learn- 
ing in  the  Morris  water  maze.  Rats  were  infused  with  1 92 
IgG-saporin  either  into  the  cerebral  ventricles  or  into  the  nucle- 
us basalis.  Controls  received  saline  injections  at  the  same  loca- 
tions (data  from  all  controls  are  pooled). The  animals  were  later 
given  6 days  of  training  in  the  water  maze  and  their  path 
lengths  (swimming  distance  from  the  start  position  to  finding 
the  hidden  platform;  see  Chapter  4)  were  recorded. Treatment 
with  192  IgG-saporin  resulted  in  poorer  maze  learning  in  both 
groups,  with  the  greatest  deficits  observed  in  the  animals  given 
the  neurotoxin  intraventricularly.  (After  Berger-Sweeney  et  a I., 
1994.) 


Alzheimer’s  disease.  As  discussed  in  Box  6.2,  while  Alz- 
heimer’s disease  does  involve  severe  injury  to  the  BFCS,  other 
damaged  neural  systems  undoubtedly  contribute  to  the  dev- 
astating psychological  and  behavioral  effects  of  this  disorder. 

There  are  two  acetylcholine  receptor  subtypes, 
nicotinic  and  muscarinic 

Like  dopamine  (DA)  and  norepinephrine  (NE),  ACh  has 
many  different  kinds  of  receptors.  The  story  can  be  simpli- 
fied a little  by  recognizing  that  the  various  cholinergic  recep- 
tors belong  to  one  of  two  families:  nicotinic  receptors  and 
muscarinic  receptors.  Nicotinic  receptors  were  named 
because  they  respond  selectively  to  the  agonist  nicotine,  an 
alkaloid  found  in  the  leaves  of  the  tobacco  plant  A The  phar- 
macology of  nicotine  is  discussed  in  Chapter  12.  Muscarinic 
receptors  are  selectively  stimulated  by  muscarine,  another 
alkaloid,  which  was  first  isolated  in  1869  from  the  fly  agaric 
mushroom,  Amanita  muscaria. 


* Alkaloids  are  nitrogen-containing  compounds,  usually  bitter- 
tasting, that  are  often  found  in  plants. 


Nicotinic  receptors  Nicotinic  receptors  are  highly  con- 
centrated on  muscle  cells  at  neuromuscular  junctions,  on 
ganglionic  neurons  of  both  the  sympathetic  and  parasympa- 
thetic system,  and  on  certain  neurons  in  the  brain.  They  are 
ionotropic  receptors,  which,  you  will  recall  from  Chapter  3, 
means  that  they  possess  an  ion  channel  as  an  integral  part  of 
the  receptor  complex.  When  ACh  binds  to  a nicotinic  recep- 
tor, the  channel  opens  very  rapidly  and  sodium  (Na+)  and 
calcium  (Ca2+)  ions  enter  the  neuron  or  muscle  cell.  This 
flow  of  ions  causes  a depolarization  of  the  cell  membrane, 
thereby  increasing  the  cell’s  excitability.  If  the  responding  cell 
is  a neuron,  its  likelihood  of  firing  is  increased.  If  it  is  a mus- 
cle cell,  it  responds  by  contracting.  In  this  manner,  nicotinic 
receptors  mediate  fast  excitatory  responses  in  both  the  CNS 
and  PNS. 

Another  important  function  of  nicotinic  receptors  within 
the  brain  is  to  enhance  the  release  of  neurotransmitters  from 
nerve  terminals.  In  this  case,  the  nicotinic  receptors  are  locat- 
ed presynaptically,  right  on  the  terminals.  Thus,  activation  of 
nicotinic  receptors  by  ACh  can  stimulate  cell  firing  if  the 
receptors  are  located  postsynaptically  on  dendrites  or  cell 
bodies,  or  the  receptors  can  stimulate  neurotransmitter 
release  without  affecting  the  cell’s  firing  rate  if  they  are  locat- 
ed presynaptically  on  nerve  endings. 

The  structure  of  the  nicotinic  receptor  has  been  known 
for  many  years.  As  members  of  the  family  of  ionotropic 
receptors  discussed  in  Chapter  3,  nicotinic  receptors  com- 
prise five  proteins  (subunits)  that  come  together  in  the  cell 
membrane,  forming  the  ion  channel  in  the  center.  As  you  can 
see  in  Figure  6.9,  the  subunits  are  labeled  with  Greek  letters. 
There  are  two  a-subunits,  each  of  which  helps  form  an  ACh 
binding  site  on  the  receptor.  Interestingly,  both  binding  sites 
must  be  occupied  by  ACh  molecules  to  open  the  nicotinic 
receptor  channel. 

Even  though  the  nicotinic  receptors  of  neurons  and  mus- 
cles possess  five  subunits  (including  two  as),  the  exact  pro- 
teins making  up  neuronal  and  muscle  receptors  are  different. 
This  structural  difference  leads  to  significant  pharmacologi- 
cal differences  between  the  two  types  of  receptors.  For  exam- 
ple, muscle  nicotinic  receptors  are  not  as  sensitive  to  nico- 
tine as  are  the  nicotinic  receptors  found  in  the  brain  and 
autonomic  nervous  system.  This  difference  is  very  important 
to  smokers,  because  it  allows  them  to  obtain  the  psychologi- 
cal effects  of  nicotine,  which  are  dependent  on  activation  of 
brain  nicotinic  receptors,  without  experiencing  muscle  con- 
tractions or  spasms. 

In  a living  organism,  receptors  are  typically  exposed  to 
neurotransmitters  in  a somewhat  sporadic  manner.  That  is, 
at  some  moments,  there  are  many  transmitter  molecules  in 
the  vicinity  of  a particular  receptor,  whereas  at  other 
moments,  few  transmitter  molecules  are  nearby,  because  the 
releasing  neuron  has  slowed  its  firing  or  perhaps  become 
completely  silent  for  a brief  period  of  time.  We  can  perform 
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Figure  6.9  Structure  of  the  nicotinic  ACh  receptor 

The  receptor  comprises  five  protein  subunits,  two  of  which 
(the  a-subunits)  are  identical.  Within  the  center  of  the  receptor 
is  a channel  that  allows  Na+  ions  to  flow  into  the  cell  when  the 
receptor  is  activated. 


membrane  is  lost  and  the  cell  cannot  be  excited  until  the 
agonist  is  removed  and  the  membrane  repolarized.  A chem- 
ical relative  of  ACh  called  succinylcholine  is  a powerful  mus- 
cle relaxant  that  is  useful  in  certain  surgical  procedures  where 
anesthesia  alone  may  not  provide  sufficient  relaxation. 
Unlike  ACh,  succinylcholine  is  resistant  to  breakdown  by 
AChE,  and  thus  it  continuously  stimulates  the  nicotinic 
receptors  and  induces  a depolarization  block  of  the  muscle 
cells.  It  is  important  to  note  that  one  of  the  paralyzed  mus- 
cles is  the  diaphragm  (the  large  muscle  responsible  for  inflat- 
ing and  deflating  the  lungs),  so  the  patient  must  be  main- 
tained on  a ventilator  until  the  succinylcholine  is  finally 
eliminated  and  the  effect  wears  off. 

A well-known  nicotinic  receptor  antagonist  is  D-tubocu- 
rarine.  This  substance  is  the  main  active  ingredient  of 
curare,  a poison  obtained  from  the  tropical  plant  Chondro- 
dendron  tomentosum.  Long  before  it  came  to  the  attention  of 
pharmacologists,  curare  was  being  used  by  South  American 
Indians  as  an  arrow  poison  for  hunting.  D-Tubocurarine  has 
a high  affinity  for  muscle  nicotinic  receptors,  thus  blocking 
cholinergic  transmission  at  neuromuscular  junctions.  Respi- 
ratory paralysis  is  the  cause  of  death  in  curare  poisoning,  but 
this  effect  can  be  overcome  by  treating  the  victim  with  an 
anti-AChE  drug  such  as  neostigmine. 

Muscarinic  receptors  As  mentioned  earlier,  muscarinic 
receptors  represent  the  other  family  of  ACh  receptors.  Like 


pharmacological  experiments,  however,  in 
which  receptors  are  continuously  exposed  to 
high  concentrations  of  an  agonist  drug  for 
seconds  or  even  longer  intervals  of  minutes 
or  hours.  When  nicotinic  receptors  are  sub- 
jected to  continuous  agonist  exposure,  they 
become  desensitized  (Figure  6.10).  Desen- 
sitization represents  an  altered  state  of  the 
receptor  in  which  the  channel  remains 
closed  regardless  of  whether  molecules  of  an 
agonist  such  as  ACh  or  nicotine  are  bound 
to  the  receptor.  After  a short  while,  desensi- 
tized receptors  spontaneously  resensitize 
and  are  then  capable  of  responding  again  to 
a nicotinic  agonist. 

Even  if  cells  are  continuously  exposed  to 
nicotinic  stimulation,  the  receptors  are  not 
all  desensitized.  Those  that  remain  active 
produce  a persistent  depolarization  of  the 
cell  membrane.  If  this  continues  for  very 
long,  a process  called  depolarization  block 
occurs,  in  which  the  resting  potential  of  the 
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Figure  6.1 0 Nicotinic  receptor  desensitization  When  nicotinic  receptors 
are  in  a desensitized  state,  the  channel  does  not  open  even  in  the  presence  of 
ACh. 
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BOX  6.2 


Clinical  Applications 


Alzheimer's 
Disease— A Tale  of 
Two  Proteins 


As  medical  science  continues  to 
extend  the  human  life  span,  we 
have  become  more  prone  to  dis- 
eases of  aging.  None  of  these  ail- 
ments strikes  as  much  fear  in  the 
elderly  as  Alzheimer's  disease 
(AD).  In  1 907,  a German  neurolo- 
gist named  Alois  Alzheimer 
described  a set  of  previously 
unidentified  histological  abnor- 
malities in  the  brain  of  a 51 -year-old 
woman  who  had  been  demented  at 
the  time  of  her  death.  Dementia  refers 
to  a major  impairment  of  cognitive 
functions,  including  memory,  lan- 
guage, and  abstract  thinking,  and  AD 
is  the  leading  cause  of  dementia  in 
the  elderly. 

The  brain  becomes  severely  dam- 
aged in  the  course  of  AD.  Due  to  a loss 
of  brain  tissue,  the  cortical  gyri  (folds) 
become  shrunken  and  the  cerebral 
ventricles  are  enlarged.  What 
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Photomicrograph  of  neuritic  plaques  and  neurofibrillary  tangles  from  the  brain  of 
a 69-year-old  man  suffering  from  severe  Alzheimer's  disease  at  the  time  of  his  death.Two 
plaques  are  visible:  a large  one  near  the  center  of  the  photomicrograph  and  part  of  a 
smaller  plaque  in  the  lower  right-hand  corner.  Neurofibrillary  tangles  appear  as  darkly 
stained  material  that  seems  to  fill  the  cytoplasm  within  some  neurons  in  the  center  and 
left-hand  parts  of  the  photomicrograph.  (Courtesy  of  Dennis  Selkoe.) 


Alzheimer  noticed,  however,  was  the 
presence  of  several  pathological  char- 
acteristics that  are  only  visible  under 
the  microscope.  Foremost  among 


these  are  neuritic  plaques  and  neu- 
rofibrillary tangles.The  plaques  are 
extracellular  entities  consisting  of 
abnormal  clusters  of  degenerating 


the  receptors  for  DA  and  NE,  muscarinic  receptors  are  all 
metabotropic.  Five  different  types  of  muscarinic  receptors 
(designated  Mj  to  M5)  have  been  characterized,  each  with 
specific  pharmacological  characteristics  and  coded  for  by  a 
different  gene.  Muscarinic  receptors  operate  through  several 
different  second-messenger  systems.  Some  activate  the  phos- 
phoinositide  second-messenger  system,  while  others  inhibit 
the  formation  of  cyclic  adenosine  monophosphate  (cAMP). 
Another  important  mechanism  of  muscarinic  receptor 
action  is  the  stimulation  of  K+  channel  opening.  As  men- 
tioned in  previous  chapters,  this  leads  to  a hyperpolarization 
of  the  cell  membrane  and  a reduction  in  cell  firing. 

Muscarinic  receptors  are  widely  distributed  in  the  brain. 
Some  areas  containing  high  levels  of  muscarinic  receptors 
are  the  neocortex,  hippocampus,  thalamus,  striatum,  and 
basal  forebrain.  The  receptors  in  the  neocortex  and  hip- 
pocampus play  an  important  role  in  the  cognitive  effects  of 
ACh  described  earlier,  whereas  those  in  the  striatum  are 
involved  in  motor  function.  There  is  also  recent  evidence 


from  Basile  and  colleagues  (2002)  that  M5  muscarinic  recep- 
tors are  involved  in  morphine  reward  and  dependence.  These 
investigators  compared  genetically  normal  mice  to  mutant 
mice  in  which  the  M5  receptor  gene  had  been  inactivated.  In 
a place-conditioning  paradigm,  morphine  doses  that  pro- 
duced a robust  place  preference  in  the  normal  animals  had 
no  effect  on  the  mutants  (Figure  6. 11). ’’Loss  of  M5  receptor 
function  also  reduced  withdrawal  symptoms  in  mice  that 
were  made  dependent  on  morphine,  but  it  had  no  effect  on 
morphine-induced  analgesia.  These  findings  suggest  that  M5 
muscarinic  receptors  selectively  influence  the  addictive  prop- 
erties of  opiate  drugs,  and  they  raise  the  possibility  that  drugs 
targeted  to  these  receptors  could  be  useful  in  treating  opiate 
addicts. 

Outside  of  the  brain,  muscarinic  receptors  are  found  at 
high  densities  in  the  cardiac  muscle  of  the  heart  and  in  the 
smooth  muscle  associated  with  many  organs,  such  as  the 
bronchioles,  stomach,  intestines,  bladder,  and  urogenital 
organs.  These  peripheral  muscarinic  receptors  are  activated 
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BOX  6.2  (continued) 

axons  and  dendrites  surrounding  a 
central  core  containing  a small  pro- 
tein called  (3-amyloid  protein  (PAP) 
(see  figure).  In  contrast,  the  tangles 
are  intracellular  masses  of  abnormal 
fibers  containing  a different  protein, 
tau,  which  has  been  hyperphosphory- 
lated.That  is,  an  unusually  large  num- 
ber of  phosphate  groups  has  been 
added  to  the  tau  protein,  thus  disturb- 
ing its  function  and  somehow  causing 
it  to  aggregate  into  these  masses. 

Microscopic  examination  of  brains 
stricken  with  AD  also  reveals  cell 
death  and  loss  of  synapses  in  the  cor- 
tex and  hippocampus,  structures  that 
play  a critical  role  in  various  cognitive 
functions.  Damage  to  these  struc- 
tures, therefore,  helps  explain  the 
severe  dementia  characteristic  of  AD 
patients.The  question  is,  what  process 
causes  this  cellular  damage? 

Although  we  don't  yet  completely 
know  the  answer  to  this  question, 
most  of  the  evidence  indicates  that 
PAP  is  the  key  element  in  the  devel- 
opment of  AD  (Hardy  and  Selkoe, 
2002).  Of  particular  importance  is  the 


mechanism  by  which  PAP  is  generat- 
ed in  the  brain. This  small  protein  is 
derived  from  a larger  precursor 
known  as  amyloid  precursor  protein 
(APP),  which  is  normally  found  in  the 
brain  as  well  as  in  other  organs.  It 
appears  that  in  healthy  neurons,  rela- 
tively little  of  the  dangerous  pAP  is 
released  from  the  precursor  protein. 

In  AD,  however,  larger  amounts  of  PAP 
are  created,  which  somehow  eventu- 
ally leads  to  plaque  formation.  Some- 
where along  the  way,tau-containing 
tangles  are  also  formed,  and  eventual- 
ly the  buildup  of  these  toxic  materials 
causes  synaptic  damage  and  nerve 
cell  death. 

So  that  is  the  tale  of  how  two  pro- 
teins, PAP  and  tau,  are  involved  in  the 
development  of  AD.  But  why  is  this  dis- 
order covered  here  in  the  chapter  on 
ACh?  In  addition  to  the  cortical  and 
hippocampal  cell  loss  mentioned  in 
the  previous  paragraph,  there  is  also 
severe  damage  to  the  basal  forebrain 
cholinergic  system  that  projects  to  the 
cortex  and  hippocampus. Consequent- 
ly, researchers  have  long  believed  that 


deficits  in  cholinergic  activity  play  a 
major  role  in  Alzheimer's  dementia. 
This  hypothesis  resulted  in  the  devel- 
opment of  the  first  specific  medica- 
tions to  treat  AD,  namely  tacrine 
(Cognex),donepezil  (Aricept),and 
rivastigmine  (Exelon).These  com- 
pounds are  all  AChE  inhibitors  and  are 
thus  thought  to  potentiate  the  activity 
of  ACh  released  by  the  remaining 
cholinergic  nerve  terminals.  Unfortu- 
nately, clinical  trials  have  shown  that 
anticholinesterase  treatments  general- 
ly produce  only  modest  symptom 
improvement  and  only  in  patients  with 
mild  to  moderate  AD.  Other  choliner- 
gic drugs  are  currently  being  tested  for 
use  in  AD,  including  agonists  at  either 
nicotinic  or  muscarinic  receptors. 
Although  it  is  possible  that  some  of 
these  compounds  will  prove  superior 
to  the  anticholinesterases,  future  treat- 
ment strategies  will  almost  certainly  be 
targeted  at  inhibiting  (3AP  production 
or  tau  protein  hyperphosphorylation 
and  aggregation  into  neurofibrillary 
tangles. 
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Figure  6.1 1 Genetic  deletion  of  the  Ms  muscarinic  recep- 
tor reduces  the  rewarding  effects  of  morphine.  Genetically 
normal  mice  (also  known  as  wild-type  mice;  shown  as  M5+/+)  were 
compared  to  mutant  mice  lacking  M5  muscarinic  receptors  (also 
known  as  knockout  mice;  shown  as  M5_/“)  in  a place-conditioning 
test  with  morphine.  Morphine  reward  in  the  wild-type  animals 
was  shown  by  increased  time  spent  in  the  drug-paired  chamber 
compared  to  controls  given  saline  injections  (0  mg/kg  dose 
group).  In  the  knockout  animals,  there  was  no  rewarding  effect  of 
morphine  except  for  a partial  effect  at  the  highest  drug  dose. 
(After  Basile  et  al.,  2002.) 


by  ACh  released  from  postganglionic  fibers  of  the  parasym- 
pathetic nervous  system.  Stimulation  of  the  parasympathet- 
ic system  has  two  effects  on  the  heart:  a slowing  of  heart  rate 
and  a decrease  in  the  strength  of  contraction,  both  of  which 
are  mediated  by  the  muscarinic  receptors  in  cardiac  muscle. 
In  contrast,  smooth  muscle  cells  are  typically  excited  by  mus- 
carinic receptor  activation,  thus  causing  contraction  of  the 
muscle.  Muscarinic  receptors  also  mediate  various  secretory 
responses  of  the  parasympathetic  system,  including  saliva- 
tion, sweating,  and  lacrimation  (tearing).  Unfortunately, 
many  of  the  drugs  used  to  treat  depression,  schizophrenia, 
and  other  major  psychiatric  disorders  produce  serious  side 
effects  due  to  their  blockade  of  peripheral  muscarinic  recep- 
tors. Patients  particularly  complain  about  the  so-called  dry- 
mouth  effect  (technically  referred  to  as  xerostomia),  which 
reflects  the  reduced  production  of  saliva  resulting  from  mus- 
carinic antagonism.  For  some,  the  dry-mouth  effect  is  severe 
enough  to  cause  the  patient  to  stop  taking  his  or  her  medica- 
tion. If  the  medication  is  continued,  the  chronic  lack  of  sali- 
vation can  lead  to  mouth  sores,  increased  tooth  decay,  and 
difficulty  in  chewing  and  swallowing  food.  Later  in  the  book, 
we  will  see  that  pharmaceutical  companies  have  worked  to 
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develop  newer  medications  that  react  less  with  muscarinic 
receptors  and  therefore  do  not  produce  the  dry-mouth  effect. 

Several  muscarinic  receptor  agonists  occur  in  nature, 
including  muscarine,  from  Amanita  muscaria;  pilocarpine, 
from  the  leaves  of  the  South  American  shrub  Pilocarpus  jab o- 
randi;  and  arecoline,  which  is  found  in  the  seeds  of  the  betel 
nut  palm  Areca  catechu.  These  substances  are  sometimes 
referred  to  as  parasympathomimetic  agents,  because  their 
ingestion  mimics  many  of  the  effects  of  parasympathetic  acti- 
vation. Thus,  poisoning  due  to  accidental  ingestion  of  Amani- 
ta or  any  of  the  other  plants  leads  to  exaggerated  parasympa- 
thetic responses,  including  lacrimation,  salivation,  sweating, 
pinpoint  pupils  related  to  constriction  of  the  iris,  severe 
abdominal  pain,  strong  contractions  of  the  smooth  muscles 
of  the  viscera,  and  painful  diarrhea.  High  doses  can  even 
cause  cardiovascular  collapse,  convulsions,  coma,  and  death. 

Given  the  autonomic  effects  of  muscarinic  agonists,  it  is 
understandable  that  antagonists  of  these  receptors  would 
inhibit  the  actions  of  the  parasympathetic  system.  Such  com- 
pounds, therefore,  are  called  parasympatholytic  agents.  The 
major  naturally  occurring  muscarinic  antagonists  are 
atropine  (also  sometimes  called  hyoscamine)  and  the  close- 
ly related  drug  scopolamine  (hyoscine).  These  alkaloids  are 
found  in  a group  of  plants  that  includes  the  deadly  night- 
shade (Atropa  belladonna)  and  henbane  (Hyoscyamus  niger) 
(Figure  6.12).  Extracts  of  these  plants  are  toxic  when  taken 
systemically,  a fact  that  was  exploited  during  the  Middle 
Ages,  when  the  deadly  nightshade  was  used  as  a lethal  agent 
to  settle  many  political  and  family  intrigues.  On  the  other 
hand,  a cosmetic  use  of  the  plant  also  evolved,  in  which 
women  instilled  the  juice  of  the  berries  into  their  eyes  to 
cause  pupillary  dilation  (by  blocking  the  muscarinic  recep- 
tors on  the  constrictor  muscles  of  the  iris).  The  effect  was 
considered  to  make  the  user  more  attractive  to  men.  Indeed, 


the  name  Atropa  belladonna  reflects  these  two  facets  of  the 
plant,  since  bella  donna  means  “beautiful  woman”  in  Latin, 
whereas  Atropos  was  a character  in  Greek  mythology  whose 
duty  it  was  to  cut  the  thread  of  life  at  the  appropriate  time. 

Muscarinic  antagonists  have  several  current  medical  appli- 
cations. Modern  ophthalmologists  use  atropine  just  as  did 
women  of  the  Middle  Ages,  except  in  this  case  they  are  dilat- 
ing the  patient  s pupils  to  obtain  a better  view  of  the  interior 
of  the  eye.  Another  use  is  in  human  or  veterinary  surgery, 
where  the  drug  reduces  secretions  that  could  clog  the  patients 
airways.  Atropine  is  also  occasionally  needed  to  counteract 
the  effects  of  poisoning  with  a cholinergic  agonist.  Scopo- 
lamine in  therapeutic  doses  produces  drowsiness,  euphoria, 
amnesia,  fatigue,  and  dreamless  sleep.  It  has  sometimes  been 
used  along  with  narcotics  as  a preanesthetic  medication 
before  surgery  or  alone  prior  to  childbirth  to  produce  “twi- 
light sleep,”  a condition  characterized  by  drowsiness  and 
amnesia  for  events  occurring  during  the  duration  of  drug  use. 

Despite  their  therapeutic  uses,  muscarinic  antagonists  can 
themselves  be  toxic  when  taken  systemically  at  high  doses. 
The  CNS  effects  of  atropine  poisoning  include  restlessness, 
irritability,  disorientation,  hallucinations,  and  delirium.  Even 
higher  doses  can  lead  to  CNS  depression,  coma,  and  eventu- 
ally death  by  respiratory  paralysis.  As  in  the  case  of  nicotinic 
drugs,  these  toxic  effects  point  to  the  delicate  balance  of 
cholinergic  activity  in  both  the  CNS  and  PNS  that  is  neces- 
sary for  normal  physiological  functioning. 

Section  Summary 

Acetylcholine  is  an  important  neurotransmitter  in  the  PNS, 
where  it  is  released  by  motor  neurons  innervating  skeletal 
muscles,  by  preganglionic  neurons  of  both  the  parasympa- 
thetic and  sympathetic  branches  of  the  auto- 
nomic nervous  system,  and  by  ganglionic 
parasympathetic  neurons.  In  the  brain,  there  are 
many  cholinergic  interneurons  within  the  stria- 
tum as  well  as  a diffuse  system  of  projection 
neurons  that  constitutes  the  basal  forebrain 
cholinergic  system.  There  is  evidence  that  the 
BFCS  plays  an  important  role  in  cognitive  func- 
tioning, and  damage  to  this  system  may  con- 
tribute to  the  dementia  observed  in  Alzheimers 
disease. 

Cholinergic  receptors  are  divided  into  two 
major  families:  nicotinic  and  muscarinic  recep- 
tors. The  nicotinic  receptors  are  ionotropic 
receptors  comprising  five  subunits.  When  the 
receptor  channel  opens,  it  produces  a fast  exci- 
tatory response  due  to  an  influx  of  Na+  and  Ca2+ 
ions  across  the  cell  membrane.  Nicotinic  recep- 
tors in  neurons  and  muscles  possess  somewhat 
different  subunits,  which  leads  to  significant 


Figure  6.1 2 The  deadly  nightshade  ( Atropa  belladonna),  a natural 
source  of  the  muscarinic  antagonist  atropine. 
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TABLE  6.1  Drugs  and  Toxins  That  Affect  the  Cholinergic  System 


Drug 

Action 

Vesamicol 

Depletes  ACh  by  inhibiting  vesicular  uptake 

Black  widow  spider  venom 

Stimulates  ACh  release 

Botulinum  toxin 

Inhibits  ACh  release 

Hemicholinium-3 

Depletes  ACh  by  inhibiting  choline  uptake  by  the  nerve  terminal 

Physostigmine,  neostigmine,  and  pyridostigmine 

Increase  ACh  levels  by  inhibiting  acetylcholinesterase  reversibly 

Sarin  and  Soman 

Inhibit  acetylcholinesterase  irreversibly 

Nicotine 

Stimulates  nicotinic  receptors  (agonist) 

Succinylcholine 

Nicotinic  receptor  agonist  that  causes  depolarization  block 

D-Tubocurarine 

Blocks  nicotinic  receptors  (antagonist) 

Muscarine,  pilocarpine,  and  arecoline 

Stimulate  muscarinic  receptors  (agonists) 

Atropine  and  scopolamine 

Block  muscarinic  receptors  (antagonists) 

pharmacological  differences  between  the  two  types  of  recep- 
tors. With  continuous  stimulation  by  an  agonist,  nicotinic 
receptors  are  subject  to  a phenomenon  called  desensitization, 
in  which  the  channel  will  not  open  despite  the  presence  of 
the  agonist.  These  receptors  can  also  lead  to  a process  of 
depolarization  block  involving  temporary  loss  of  the  cells 
resting  potential  and  an  inability  of  the  cell  to  generate  action 
potentials. 

There  are  five  kinds  of  muscarinic  receptors,  designated 
M1  to  M5,  all  of  which  are  metabotropic  receptors.  Mus- 
carinic receptors  function  through  several  different  signaling 
mechanisms,  including  activation  of  the  phosphoinositide 
second-messenger  system,  inhibition  of  cAMP  synthesis,  and 
stimulation  of  K+  channel  opening.  Muscarinic  receptors  are 
widely  distributed  in  the  brain,  with  particularly  high  densi- 
ties in  various  forebrain  structures.  They  are  also  found  in 
the  target  organs  of  the  parasympathetic  system.  Conse- 
quently, muscarinic  agonists  are  called  parasympath- 
omimetic agents,  whereas  antagonists  are  considered 
parasympatholytic  in  their  actions.  Blockade  of  muscarinic 
receptors  in  the  salivary  glands  leads  to  the  dry-mouth  effect, 
which  is  a serious  side  effect  of  many  drugs  used  to  treat  var- 
ious psychiatric  disorders.  Table  6.1  presents  some  of  the 
drugs  that  affect  the  cholinergic  system,  including  nicotinic 
and  muscarinic  receptor  agonists  and  antagonists. 


Serotonin 

The  National  Institutes  of  Health  declared  the  1990s  to  be 
the  “Decade  of  the  Brain,”  to  highlight  the  stunning  advances 
in  neuroscience  being  made  at  that  time.  If  the  1990s  was  the 
decade  of  the  brain  for  neuroscientists  generally,  then  just  as 
surely  it  was  the  “Decade  of  Serotonin”  for  psychopharma- 
cologists. Serotonin,  or,  more  technically  speaking,  5- 


hydroxytryptamine  (5-HT),  has  been  featured  in  the  popu- 
lar culture  as  the  culprit  in  just  about  every  human  malady 
or  vice,  including  depression,  anxiety,  obesity,  impulsive 
aggression  and  violence,  and  even  drug  addiction.  Can  a sin- 
gle neurotransmitter  really  have  such  far-reaching  behavioral 
consequences?  The  answer  is  not  a simple  one — 5-HT  prob- 
ably does  influence  many  different  behavioral  and  physio- 
logical systems,  yet  the  ability  of  this  chemical  to  either 
destroy  us  (if  imbalanced)  or  to  cure  all  that  ails  us  (if 
brought  back  into  equilibrium)  has  unfortunately  been  over- 
sold by  a sensationalist  media  aided  and  abetted  by  a few 
publicity- seeking  scientists.  In  this  second  part  of  Chapter  6, 
we  learn  about  the  neurochemistry,  pharmacology,  and  func- 
tional characteristics  of  this  fascinating  neurotransmitter. 


Serotonin  Synthesis,  Release,  and 
Inactivation 

Serotonin  synthesis  is  regulated  by  the  activity 
of  tryptophan  hydroxylase  and  the  availability 
of  the  serotonin  precursor  tryptophan 

Serotonin  is  synthesized  from  the  amino  acid  tryptophan, 
which  comes  from  protein  in  our  diet.  As  shown  in  Figure 
6.13,  there  are  two  steps  in  the  biochemical  pathway.  The  first 
step  is  catalyzed  by  the  enzyme  tryptophan  hydroxylase, 
which  converts  tryptophan  to  5-hydroxytryptophan  (5- 
HTP).  5-HTP  is  then  acted  upon  by  aromatic  amino  acid 
decarboxylase  (AADC)  to  form  5-HT. 

Many  features  of  this  pathway  are  similar  to  the  pathway 
described  in  the  previous  chapter  involving  the  formation  of 
dopamine  from  the  amino  acid  tyrosine.  Just  as  the  initial 
step  in  the  synthesis  of  DA  (that  is,  tyrosine  to  DOPA)  is  the 
rate-limiting  step,  the  conversion  of  tryptophan  to  5-HTP  is 
rate-limiting  in  the  5-HT  pathway.  Furthermore,  just  as  tyro- 
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Figure  6.1 3 Synthesis  of  serotonin  Serotonin  (5-HT)  is  syn- 
thesized from  the  amino  acid  tryptophan  in  two  steps  catalyzed 
by  the  enzymes  tryptophan  hydroxylase  and  aromatic  amino 
acid  decarboxylase. 
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H 


sine  hydroxylase  is  only  found  in  neurons  that  synthesize  cat- 
echolamines, tryptophan  hydroxylase  similarly  is  a specific 
marker  for  neurons  that  make  5-HT  (these  are  called  sero- 
tonergic neurons).  Another  important  point  is  that  the  sec- 
ond enzyme  in  the  pathway,  AADC,  is  the  same  for  both  cat- 
echolamines and  5-HT. 

Serotonin  synthesis  in  the  brain  can  be  stimulated  by  giv- 
ing animals  a large  dose  of  tryptophan,  but  5-HTP  adminis- 
tration is  even  more  effective  because  it  is  converted  so  rap- 
idly and  efficiently  to  5-HT.  There  is  also  an  interesting  link 
between  food  intake  and  5-HT  synthesis  that  was  first  dis- 
covered many  years  ago  by  John  Fernstrom  and  Richard 
Wurtman  (1972).  Imagine  a group  of  rats  that  has  been  fast- 
ed overnight  and  then  fed  a protein-rich  meal.  The  level  of 
tryptophan  in  their  blood  goes  up,  and  thus  you  would  prob- 
ably expect  brain  5-HT  to  rise  as  well,  since  an  injection  of 
pure  tryptophan  produces  such  an  effect.  Surprisingly,  how- 
ever, Fernstrom  and  Wurtman  found  that  consumption  of  a 
protein-rich  meal  did  not  cause  increases  in  either  trypto- 
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Figure  6.1 4 Tryptophan  entry  into  the  brain  and  5-HT 
synthesis  are  regulated  by  the  relative  availability  of  trypto- 
phan versus  large  neutral  amino  acids  that  compete  with  it  for 
transport  across  the  blood-brain  barrier.  In  rats,  a high-protein, 
low-carbohydrate  meal  does  not  increase  brain  tryptophan  lev- 
els or  5-HT  synthesis  rate,  due  to  this  competitive  process.  How- 
ever, the  ratio  of  circulating  tryptophan  to  large  neutral  amino 
acids  is  elevated  following  a high-carbohydrate,  low-protein 
meal,  thereby  enhancing  tryptophan  entry  into  the  brain  and 
stimulating  5-HT  synthesis. 


phan  or  5-HT  in  the  brain,  even  though  tryptophan  levels  in 
the  bloodstream  were  elevated.  The  researchers  explained 
this  result  by  showing  that  tryptophan  competes  with  a 
group  of  other  amino  acids  (called  large  neutral  amino 
acids)  for  transport  from  the  blood  to  the  brain  across  the 
blood-brain  barrier  (Figure  6.14).  Consequently,  its  the  ratio 
between  the  amount  of  tryptophan  in  the  blood  and  the 
overall  amount  of  its  competitors  that  counts.  Most  proteins 
contain  larger  amounts  of  these  competitor  amino  acids  than 
tryptophan,  and  thus  when  these  proteins  are  consumed,  the 
critical  ratio  either  stays  the  same  or  even  goes  down. 

Even  more  surprising  was  an  additional  finding  of  Fern- 
strom and  Wurtman.  When  the  researchers  fed  previously 
fasted  rats  a diet  low  in  protein  but  high  in  carbohydrates, 
that  experimental  treatment  led  to  increases  in  brain  trypto- 
phan and  5-HT  levels.  How  could  this  be  the  case?  You  might 
already  know  that  eating  carbohydrates  (starches  and  sugars) 
triggers  a release  of  the  hormone  insulin  from  the  pancreas. 
One  important  function  of  this  insulin  response  is  to  stimu- 
late the  uptake  of  glucose  from  the  bloodstream  into  various 
tissues,  where  it  can  be  metabolized  for  energy.  But  glucose  is 
not  the  only  substance  acted  on  by  insulin.  The  hormone 
also  stimulates  the  uptake  of  most  amino  acids  from  the 
bloodstream;  tryptophan,  however,  is  relatively  unaffected. 
Because  of  this  difference,  we  can  see  that  a low-protein, 
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high-carbohydrate  meal  will  increase  the  ratio  of  tryptophan 
to  competing  amino  acids,  allowing  more  tryptophan  to 
cross  the  blood-brain  barrier  and  more  5-HT  to  be  made  in 
the  brain. 

Do  the  dietary  effects  observed  in  rats  also  occur  in 
humans  eating  typical  meals?  Wurtman  and  colleagues 
(2003)  recently  addressed  this  issue  by  measuring  the  plas- 
ma ratio  of  tryptophan  to  large  neutral  amino  acids  in  sub- 
jects eating  either  a high-carbohydrate,  low-protein  break- 
fast (consisting  of  waffles,  maple  syrup,  orange  juice,  and 
coffee  with  sugar)  or  a high-protein,  low-carbohydrate 
breakfast  (consisting  of  turkey  ham,  Egg  Beaters,  cheese, 
grapefruit,  and  butter).  As  predicted,  the  high-carbohydrate, 
low-protein  meal  did  increase  the  ratio  of  tryptophan  to 
large  neutral  amino  acids,  whereas  this  ratio  was  decreased 
by  the  high-protein,  low-carbohydrate  meal.  However,  the 
average  increase  following  the  high-carbohydrate,  low-pro- 
tein meal  was  only  about  14%,  which  may  not  have  much 
effect  on  brain  5-HT  levels. 

Pharmacological  depletion  of  5-HT  has  been  widely  used 
to  assess  the  role  of  this  neurotransmitter  in  various  behav- 
ioral functions.  One  method  often  used  in  rodent  studies  is 
to  administer  the  drug  para-chlorophenylalanine  (PCPA), 
which  selectively  blocks  5-HT  synthesis  by  irreversibly 
inhibiting  tryptophan  hydroxylase.  One  or  two  high  doses 
of  PCPA  can  reduce  brain  5-HT  levels  in  rats  80  to  90%  for 
as  long  as  2 weeks,  until  the  serotonergic  neurons  make  new 
molecules  of  tryptophan  hydroxylase  that  haven’t  been 
exposed  to  the  inhibitor.  Because  PCPA  can  cause  adverse 
side  effects  in  humans,  researchers  have  developed  an  alter- 
native approach  that  has  been  particularly  valuable  for 
studying  the  role  of  5-HT  in  mood  and  mood  disorders. 
Based  in  part  on  the  rat  studies  of  Fernstrom  and  Wurtman, 
this  method  involves  the  administration  of  an  amino  acid 
“cocktail”  containing  a large  quantity  of  amino  acids  except 
for  tryptophan.  This  cocktail  leads  to  a temporary  depletion 
of  brain  5-HT  for  two  reasons:  (1)  the  surge  of  amino  acids 
in  the  bloodstream  stimulates  protein  synthesis  by  the  liver, 
which  reduces  the  level  of  plasma  tryptophan  below  its 
starting  point;  and  (2)  the  large  neutral  amino  acids  in  the 
cocktail  inhibit  entry  of  the  remaining  tryptophan  into  the 
brain.  The  5-HT  depletion  produced  by  this  method  is  not 
nearly  as  great  nor  as  long-lasting  as  that  produced  by 
PCPA.  However,  several  studies  have  shown  that  giving  the 
amino  acid  cocktail  to  previously  depressed  patients  often 
causes  a reappearance  of  depressive  symptoms.  In  one  case, 
15  women  who  had  suffered  from  repeated  episodes  of 
major  depression  but  who  were  recovered  at  the  time  of  the 
study  were  given  either  a tryptophan-free  or  tryptophan- 
containing  amino  acid  mixture  under  double-blind  condi- 
tions (Smith  et  al.,  1997).  Whereas  the  tryptophan-contain- 
ing mixture  had  no  effect  on  mood  or  depressive  symptoms, 
the  tryptophan-free  mixture  led  to  significant  increases  in 


Figure  6.1 5 Rapid  tryptophan  depletion  leads  to  symp- 
tom relapse  in  recovered  depressed  patients. The  subjects 
were  women  who  had  a past  history  of  recurrent  depressive 
episodes,  were  currently  in  remission,  and  were  not  currently 
taking  any  antidepresssant  medications. On  separate  occasions, 
each  subject  was  given  a mixture  of  amino  acids  either  with  or 
without  tryptophan. The  tryptophan-containing  mixture  had  no 
effect  on  mood,  whereas  the  tryptophan-free  mixture  elicited 
an  increase  in  self-rated  sadness.  In  two-thirds  of  the  subjects, 
tryptophan  depletion  further  caused  clinically  significant 
depressive  symptoms,  as  determined  by  the  Hamilton  Depres- 
sion Rating  Scale  (not  shown).  (After  Smith  et  al.,  1 997.) 


depression  ratings  for  10  of  the  subjects  as  well  as  an  overall 
increase  in  self-reported  feelings  of  sadness  (Figure  6.15). 
Such  findings  implicate  5-HT  in  mood  regulation  and  fur- 
ther suggest  that  in  patients  successfully  treated  with  anti- 
depressant medications,  symptom  improvement  may 
depend  on  continued  activity  of  the  serotonergic  system  (see 
also  Chapter  16). 

The  processes  that  regulate  storage , release , 
and  inactivation  are  similar  for  serotonin  and 
the  catecholamines 

Serotonin  is  transported  into  synaptic  vesicles  using  the  same 
vesicular  transporter,  VMAT2  (vesicular  monoamine  trans- 
porter), found  in  dopaminergic  and  noradrenergic  neurons. 
As  with  the  catecholamines,  storage  of  5-HT  in  vesicles  plays 
a critical  role  in  protecting  the  transmitter  from  enzymatic 
breakdown  in  the  nerve  terminal.  Consequently,  the  VMAT 
blocker  reserpine  depletes  serotonergic  neurons  of  5-HT,  just 
as  it  depletes  catecholamines  in  dopaminergic  and  nora- 
drenergic cells. 

Serotonergic  autoreceptors  control  5-HT  release  in  the 
same  way  as  the  DA  and  NE  autoreceptors  discussed  in  the 
previous  chapter.  Terminal  autoreceptors  directly  inhibit  5- 
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cell 

Figure  6.1 6 Features  of  a serotonergic  neuron  Serotonergic  neurons 
express  the  vesicular  monoamine  transporter  VMAT2,  the  5-HT  transporter,  and 
5-HT1B  or  5-HT1D  autoreceptors  in  their  terminals. 


on  the  nerve  terminal  known  as  the  5-HT 
transporter  (see  Figure  6.16).  This  protein 
turns  out  to  be  a key  target  of  drug  action.  For 
example,  the  introduction  of  fluoxetine  (bet- 
ter known  as  Prozac)  in  late  1987  spawned  a 
whole  new  class  of  antidepressant  drugs  based 
on  the  idea  of  inhibiting  5-HT  reuptake. 
These  compounds  are,  therefore,  called  selec- 
tive serotonin  reuptake  inhibitors  (SSRIs) 
(see  Chapter  16).  Certain  abused  drugs  such 
as  cocaine  and  MDMA  likewise  interact  with 
the  5-HT  transporter,  but  they  are  not  selec- 
tive in  their  effects  because  they  also  influence 
the  DA  transporter. 

You  will  recall  that  DA  and  NE  are  metab- 
olized by  two  different  enzymes,  monoamine 
oxidase  (MAO)  and  catechol-O-methyltrans- 
ferase  (COMT).  Since  5-HT  is  not  a cate- 
cholamine, it  is  not  affected  by  COMT.  How- 
ever, its  breakdown  is  catalyzed  by  MAO  to 
yield  the  metabolite  5-hydroxyindoleacetic 
acid  (5-HIAA).  The  level  of  5-HIAA  in  the 
brains  of  animals  or  in  the  cerebrospinal 
fluid  of  humans  or  animals  is  often  used  as  a 
measure  of  the  activity  of  serotonergic  neu- 
rons. This  is  based  on  research  showing  that 
when  these  neurons  fire  more  rapidly,  they 
make  more  5-HT  and  there  is  a correspon- 
ding increase  in  the  formation  of  5-HIAA. 


HT  release,  whereas  other  autoreceptors  on  the  cell  body  and 
dendrites  of  the  serotonergic  neurons  (somatodendritic 
autoreceptors)  indirectly  inhibit  release  by  slowing  the  rate 
of  firing  of  the  neurons  (Figure  6.16).  Somatodendritic 
autoreceptors  are  of  the  5-HT1A  subtype,  whereas  the  termi- 
nal autoreceptors  are  either  of  the  5-HT1B  or  5-HT1D  sub- 
type,  depending  on  the  species  (see  later  discussion  of  5-HT 
receptors). 

Release  of  5-HT  can  be  directly  stimulated  by  a family  of 
drugs  based  on  the  structure  of  amphetamine.  These  com- 
pounds include  para- chloroamphetamine,  which  is  mainly 
used  experimentally;  fenfluramine,  which  at  one  time  was 
prescribed  for  appetite  suppression  in  obese  patients  (Box 
6.3);  and  3,4-methylenedioxymethamphetamine  (MDMA), 
which  is  a recreational  and  abused  drug.  Besides  their  acute 
behavioral  effects,  these  drugs  (particularly  para-chloroam- 
phetamine  and  MDMA)  can  also  exert  toxic  effects  on  the 
serotonergic  system  (see  Chapter  11). 

When  we  examine  the  processes  responsible  for  inactiva- 
tion of  5-HT  after  its  release,  there  are  again  many  similarities 
to  the  catecholamine  systems.  After  5-HT  is  released,  it  is  rap- 
idly removed  from  the  synaptic  cleft  by  a reuptake  process. 
Analogously  to  DA  and  NE,  this  mechanism  involves  a protein 


Section  Summary 

The  neurotransmitter  5-HT  is  synthesized  from  the  amino 
acid  tryptophan  in  two  biochemical  reactions.  The  first  and 
rate-limiting  reaction  is  catalyzed  by  the  enzyme  tryptophan 
hydroxylase.  Under  appropriate  conditions,  the  synthesis  of 
brain  5-HT  in  rats  can  be  enhanced  by  the  consumption  of  a 
high-carbohydrate,  low-protein  meal.  Administration  of  an 
amino  acid  mixture  lacking  tryptophan  has  been  used  to 
temporarily  deplete  5-HT  in  human  studies.  Like  the  other 
transmitters  previously  discussed,  5-HT  is  stored  in  synaptic 
vesicles  for  subsequent  release.  Serotonin  release  is  inhibited 
by  autoreceptors  located  on  the  cell  body,  dendrites,  and  ter- 
minals of  serotonergic  neurons.  The  terminal  autoreceptors 
are  of  either  the  5-HT1B  or  5-HT1D  subtype,  depending  on 
the  species,  whereas  the  somatodendritic  autoreceptors  are 
of  the  5-HT1A  subtype.  Serotonergic  transmission  is  termi- 
nated by  reuptake  of  5-HT  from  the  synaptic  cleft.  This 
process  is  mediated  by  the  5-HT  transporter,  which  is  an 
important  target  of  several  antidepressant  drugs.  Serotonin 
is  ultimately  metabolized  by  MAO  to  form  the  major  break- 
down product  5-HIAA. 
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Organization  and  Function  of  the 
Serotonergic  System 

The  serotonergic  system  originates  from  cell 
bodies  in  the  brain  stem  and  projects  to  all 
forebrain  areas 

The  Swedish  researchers  who  first  mapped  the  catecholamine 
systems  in  the  1960s  (see  Chapter  5)  used  the  same  experi- 
mental techniques  to  study  the  distribution  of  neurons  and 
pathways  using  5-HT.  But  in  this  case,  they  designated  the  5- 
HT-containing  cell  groups  with  the  letter  “B”  instead  of  “A ,” 
which  they  had  used  for  the  dopaminergic  and  noradrenergic 
cell  groups.  It  turns  out  that  almost  all  of  the  serotonergic  neu- 
rons in  the  CNS  are  found  along  the  midline  of  the  brainstem 
(medulla,  pons,  and  midbrain),  loosely  associated  with  a net- 
work of  cell  clusters  called  the  raphe  nuclei/  Of  greatest  inter- 
est to  neuropharmacologists  are  the  dorsal  raphe  nucleus  and 
the  median  raphe  nucleus,  located  in  the  area  of  the  caudal 
midbrain  and  rostral  pons.  Together,  these  nuclei  give  rise  to 
most  of  the  serotonergic  fibers  in  the  forebrain.  Virtually  all 
forebrain  regions  receive  a serotonergic  innervation,  includ- 
ing the  neocortex,  striatum  and  nucleus  accumbens,  thalamus 
and  hypothalamus,  and  limbic  system  structures  such  as  the 
hippocampus,  amygdala,  and  septal  area  (Figure  6.17). 


*The  term  raphe  is  Greek  for  “seam”  or  “suture.”  In  biology,  the 
term  is  applied  to  structures  that  look  as  if  they  are  joined  together 
in  a line.  This  is  applicable  to  the  raphe  nuclei,  which  are  aligned 
with  each  other  along  the  rostral-caudal  axis  of  the  brain  stem. 
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Figure  6.1 8 The  firing  rate  of  serotonergic  neurons  in  the 
cat  dorsal  raphe  is  related  to  the  animal's  behavioral 
state.  During  quiet  waking,  the  cells  fire  at  a steady  rate  of 
approximately  2 action  potentials  per  second.The  firing  rate  is 
slightly  increased  during  behavioral  activity,  but  greatly  dimin- 
ishes during  slow-wave  sleep.  Dorsal  raphe  cell  firing  is  essential- 
ly abolished  during  REM  sleep.  (After  Jacobs  and  Fornal,  1 993.) 


Barry  Jacobs  and  his  colleagues  at  Princeton  University 
have  discovered  some  interesting  properties  of  serotonergic 
neurons  in  the  dorsal  raphe  nucleus.  The  investigators 
recorded  the  firing  of  these  cells  in  unanesthetized,  freely 
moving  cats  under  many  different  behavioral  states.  When  a 
cat  is  awake,  each  cell  fires  at  a relatively  slow  but  very  regular 
rate,  almost  like  a ticking  clock  (Figure  6.18).  When  the  cat 


Figure  6.1 7 Anatomy  of  the  serotonergic  system 

The  B7  cell  group  corresponds  to  the  dorsal  raphe  and  the 
B8  cell  group  corresponds  to  the  median  raphe. 
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BOX  6.3 


Pharmacology  in  Action 


Fen-Phen  and  the 
Fight  against  Fat 


If  you've  ever  watched  infomercials  on 
television  or  read  the  tabloid  newspa- 
pers sold  in  supermarkets, you've 
probably  seen  ads  or  articles  promot- 
ing the  latest  over-the-counter  drug 
or  herbal  supplement"guaranteed"to 
help  you  lose  weight.  Indeed,  obesity 
is  a major  health  problem  in  the  Unit- 
ed States,  and  many  pharmaceutical 
companies  are  working  hard  to  devel- 
op effective  antiobesity  medications. 
In  the  mid-1990s,  a diet  pill  combina- 
tion called  "Fen-Phen"  was  being 
touted  as  the  new  miracle  treatment 
for  obesity,  but  one  of  the  drugs  was 
later  withdrawn  from  the  market- 
place. What  were  these  compounds, 
how  did  they  work,  and  what  prompt- 
ed withdrawal  of  one  of  the  drugs? 

The  "Fen"  part  of  the  combo  is  fen- 
fluramine, which  we  have  already 
indicated  releases  5-HT  from  seroton- 
ergic nerve  terminals.  Many  studies  in 
animals  have  shown  that  increasing 
serotonergic  activity,  such  as  by  stim- 
ulating 5-HT  release,  leads  to 
decreased  food  intake.  Clinical  studies 


also  demonstrated  reduced  eating 
and  weight  loss  in  overweight 
humans,  which  led  to  the  introduction 
of  fenfluramine  back  in  1 973  for  the 
treatment  of  obesity. The  initial  for- 
mulation was  a mixture  of  two  closely 
related  forms  of  the  drug,  dexfenflu- 
ramineand  levofenfluramine.This 
mixture  was  marketed  under  the 
trade  name  Pondimin.  Unfortunately, 
many  patients  regained  their  lost 
weight  after  ending  the  treatment, 
and  therefore  its  long-term  effective- 
ness was  limited. 

In  1 992,  Michael  Weintraub  and  his 
colleagues  at  the  University  of 
Rochester  published  a study  testing 
the  extended  use  of  two  diet  medica- 
tions given  together:  fenfluramine 
and  phentermine  (the"Phen"in 
Fen-Phen).  Phentermine  had  been  in 
use  even  longer  than  fenfluramine  (it 
was  approved  as  an  appetite  suppres- 
sant in  1 959),  but  it  was  thought  to 
function  through  the  catecholamine 
systems  instead  of  5-HT.  Wei ntraub's 
group  therefore  reasoned  that  a com- 
bination of  two  drugs  acting  by  differ- 
ent mechanisms  might  be  more  effec- 
tive than  either  drug  alone.  Another 
possible  benefit  of  the  Fen-Phen  mix- 
ture was  related  to  the  fact  that  fen- 


fluramine tends  to  produce  drowsi- 
ness as  a side  effect.  In  contrast,  phen- 
termine is  a stimulant  and  was  there- 
fore expected  to  counteract  the 
sedative  effect  of  the  fenfluramine. 

The  figure  shows  that  in  a clinical 
trial  of  the  Fen-Phen  combination 
used  in  conjunction  with  behavior 
modification  therapy,  dietary  coun- 
seling, and  exercise,  subjects  lost  sig- 
nificant amounts  of  weight  over  a 34- 
week  period  (Weintraub  et  al.,  1 992). 
Word  of  these  results  spread,  and 
many  physicians  began  prescribing 
Fen-Phen  for  extended  periods  of 
time  to  overweight  patients.  It  should 
be  noted  that  the  U.S.  Food  and  Drug 
Administration  (FDA)  had  licensed 
these  medications  only  for  short- 
term use  (a  few  weeks),  and  it  had 
never  tested  or  approved  the  com- 
bined use  of  fenfluramine  with  phen- 
termine. Such  use  of  drugs,  which  is 
called  "off-label  use,"  is  not  illegal,  but 
it  should  always  been  done  with 
great  caution.  In  1 996,  pure  dexfen- 
fluramine,  which  is  more  pharmaco- 
logically active  than  the  levo  form  of 
the  drug,  was  approved  for  the  treat- 
ment of  obesity  under  the  trade 
name  Redux.  Many  patients  then 
began  taking  Redux,  either  by  itself  or 


enters  slow- wave  sleep,  which  is  the  stage  of  sleep  in  which 
large-amplitude,  slow  electroencephalographic  (EEG)  waves 
can  be  recorded  in  the  cortex,  the  serotonergic  neurons  slow 
down  and  become  more  irregular.  Most  intriguingly,  the  cells 
are  almost  completely  shut  down  when  the  cat  is  in  rapid  eye 
movement  (REM)  sleep,  a stage  of  deep  sleep  characterized 
by  side-to-side  eye  movements  and  low-amplitude,  fast  EEG 
waves  in  the  cortex. 

What  do  these  changes  in  serotonergic  activity  mean  for 
the  animal?  The  key  to  understanding  this  strange  pattern 
comes  from  other  results  obtained  by  Jacobs’  lab.  Some  of  the 
dorsal  raphe  neurons  fired  more  rapidly  during  repetitive 
movements  such  as  chewing,  self-licking,  or  walking  on  a 
cat-sized  treadmill.  In  contrast,  cell  firing  was  inhibited  when 
the  cat  was  exposed  to  a sudden  sensory  stimulus  (such  as 


opening  the  door  to  the  room)  that  caught  the  animal’s 
attention.  It  appears,  therefore,  that  serotonergic  neurons  in 
the  dorsal  raphe  are  activated  during  movement  (especially 
repetitive  movement)  but  are  quiescent  when  the  animal  is 
still  because  it  is  attending  to  a stimulus  in  the  environment. 
You  may  also  recall  from  a previous  course  in  physiological 
psychology  or  neurobiology  that  muscle  tone  is  lost  during 
REM  sleep,  which  is  another  state  in  which  dorsal  raphe  neu- 
rons are  silenced.  From  these  results,  Jacobs  and  Fornal 
(1993)  hypothesized  that  one  important  function  of  brain  5- 
FIT  is  to  facilitate  the  output  of  motor  systems  in  the  brain 
(hence  the  activation  of  serotonergic  neurons  during  waking 
in  general  and  particularly  during  repetitive  movement), 
while  simultaneously  suppressing  sensory  processing.  When 
sensory  information  does  need  to  be  processed  (as  when  a 
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BOX  6.3  (continued) 


Combined  fenfluramine  and  phentermine  treatment  reduces  body  weight  in 
obese  patients.  Obese  men  and  women  were  entered  into  a program  of  behavior  mod- 
ification, dietary  counseling,  and  exercise.  After  6 weeks,  subjects  were  started  on  daily 
treatment  with  either  fenfluramine  and  phentermine  or  placebo  in  a double-blind  pro- 
cedure. Greater  weight  loss  occurred  with  drug  treatment  than  placebo.  (After  Weintraub 


et  al.,  1992.) 

as  a replacement  for  Pondimin  in  the 
Fen-Phen  combination. 

We  wish  we  could  say  that  this 
story  had  a happy  ending,  and  that 
millions  of  obese  people  were  on 
their  way  to  achieving  a healthier 


body  weight.  Sadly,  this  was  not  to  be 
the  case.  In  1996  and  1997,  several 
studies  were  published  suggesting  an 
association  of  fenfluramine  or  dexfen- 
fluramine  use  (with  or  without  phen- 
termine) with  an  increased  risk  for 


two  different  medical  disorders:  heart 
valve  abnormalities  and  primary  pul- 
monary hypertension  (elevated  blood 
pressure  in  the  arteries  between  the 
heart  and  lungs).  Both  of  these  are 
serious  problems,  and  primary  pul- 
monary hypertension  is  often  fatal. 
Consequently,  upon  the  request  of 
the  FDA,  Pondimin  and  Redux  were 
both  withdrawn  from  clinical  use  in 
September  1 997.  Phentermine  is  still 
being  prescribed,  as  there  is  no  evi- 
dence for  its  involvement  in  either 
medical  disorder  when  taken  alone. 

It  may  be  that  the  Fen-Phen  story 
represents  the  final  chapter  in  the  use 
of  serotonergic  drugs  to  treat  obesity. 
The  new  antiobesity  compounds 
under  development  by  the  pharma- 
ceutical industry  do  not  act  on  the 
serotonergic  system,  instead  target- 
ing neuropeptides  in  the  brain  that 
regulate  hunger  or  other  chemicals 
that  signal  energy  usage  or  energy 
storage  (fat)  by  the  body. The  hope  is 
that  such  approaches  will  lead  to 
more-effective  medications  with  bet- 
ter safety  profiles.  Since  so  many 
Americans  seem  unwilling  or  unable 
to  make  the  lifestyle  changes  neces- 
sary to  control  their  weight  without 
using  drugs,  the  health  of  a large  per- 
centage of  our  population  hangs  in 
the  balance.  Stay  tuned! 


new  stimulus  is  presented  to  the  animal),  the  serotonergic 
system  has  to  be  temporarily  inhibited. 

Correlating  neuronal  firing  rate  with  behavioral  state  is 
only  one  way  to  assess  the  possible  behavioral  functions  of  5- 
HT.  Another  approach  is  to  damage  the  serotonergic  neurons 
and  then  determine  the  behavioral  changes  produced  by  such 
lesions.  Earlier  we  mentioned  two  drugs,  para-chloroamphet- 
amine  and  MDMA,  that  have  neurotoxic  effects  on  the  sero- 
tonergic system.  Another  compound  called  5,7-dihydrox- 
ytryptamine  (5,7-DHT)  has  also  been  widely  used  to  produce 
serotonergic  lesions  in  experimental  animals,  although  one 
limitation  of  using  5,7-DHT  is  that  it  must  be  given  directly 
into  the  brain  since  it  doesn’t  cross  the  blood-brain  barrier. 
All  three  neurotoxins  cause  extensive  damage  to  serotonergic 
axons  and  nerve  terminals  in  the  forebrain,  yet  the  cell  bodies 


in  the  raphe  nuclei  are  usually  spared.  Due  to  space  limita- 
tions, we  cannot  review  all  of  the  behavioral  effects  produced 
by  lesioning  the  serotonergic  system;  however,  various  studies 
have  reported  changes  in  food  intake,  reproductive  behavior, 
pain  sensitivity,  anxiety,  and  learning  and  memory.  These  find- 
ings, along  with  the  results  of  other  experiments  using  sero- 
tonergic receptor  agonists  and  antagonists  (see  the  next  sec- 
tion), indicate  that  5-HT  is  involved  in  many  functions  besides 
the  facilitation  of  motor  output. 

There  is  a large  family  of  serotonin  receptors , 
most  of  which  are  metabotropic 

One  of  the  remarkable  properties  of  5-HT  is  the  number  of 
receptors  that  have  evolved  for  this  transmitter.  At  the  pres- 
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ent  time,  pharmacologists  have  identified  at  least  15  5-HT 
receptor  subtypes.  Among  these  is  a large  family  of  5-HTj 
receptors  (that  is,  5-HT1A,  5-HT1B,  and  so  forth),  a smaller 
family  of  5-HT2  receptors,  and  additional  receptors  desig- 
nated 5-HT3,  5-HT4,  5-HT5,  5-HT6,  and  5-HTy.  All  of  these 
receptors  are  metabotropic,  except  for  the  5-HT3  receptor, 
which  is  an  excitatory  ionotropic  receptor.  Here  we  will  focus 
on  the  5-HT1A  and  5-HT2A  receptors,  which  are  the  best- 
known  serotonergic  receptors  in  terms  of  their  cellular  and 
behavioral  effects. 

5-HT1 A receptors  5-HTj  A receptors  are  found  in  many  brain 
areas,  but  they  are  particularly  concentrated  in  the  hippocam- 
pus, the  septum,  parts  of  the  amygdala,  and  the  dorsal  raphe 
nucleus.  In  the  forebrain,  these  receptors  are  located  postsy- 
naptically  to  5-HT-containing  nerve  terminals.  As  mentioned 
earlier,  5-HT1A  receptors  additionally  function  as  somatoden- 
dritic autoreceptors  in  the  dorsal  and  median  raphe  nuclei. 

5-HT1A  receptors  work  through  two  major  mechanisms. 
First,  the  receptors  reduce  the  synthesis  of  cAMP  by  inhibit- 
ing adenylyl  cyclase  (Figure  6.19A).  The  second  mechanism 
involves  increased  opening  of  K+  channels  and  membrane 
hyperpolarization,  which  we  have  seen  is  a property  shared 
by  some  cholinergic  muscarinic  receptors  as  well  as  by  D2 
dopamine  receptors  and  a2-adrenergic  receptors.  You  will 
recall  that  this  hyperpolarization  leads  to  a decrease  in  firing 
of  either  the  postsynaptic  cell  (in  the  case  of  5-HT1A  recep- 
tors located  postsynaptically)  or  the  serotonergic  neuron 
itself  (in  the  case  of  the  5-HT1A  autoreceptors). 

A number  of  drugs  act  as  5-HT1A  receptor  agonists, 
including  buspirone,  ipsapirone,  and  8-hydroxy-2-(di-n- 


propylamino)tetra!in  (8-OH-DPAT).  The  most  widely  used 
5-HT1A  receptor  antagonist  is  the  experimental  drug  WAY 
100635,  which  was  originally  developed  by  the  Wyeth- Ayerst 
pharmaceutical  company  (hence  the  WAY  designation). 
Administration  of  a 5~HT1A  receptor  agonist  produces  sever- 
al behavioral  and  physiological  effects  in  animals.  One  con- 
sequence is  hyperphagia  (overeating).  This  effect  is  thought 
to  be  due  to  stimulation  of  the  5-HT1A  autoreceptors,  thereby 
inhibiting  the  activity  of  serotonergic  neurons  and  reducing 
5-HT  release  in  the  forebrain.  In  Box  6.3,  we  discussed  the  5- 
HT-releasing  drug  fenfluramine,  which  is  an  appetite  sup- 
pressant that  was  formerly  prescribed  for  weight  loss  before 
being  withdrawn  from  the  market  due  to  dangerous  side 
effects.  Serotonin  generally  tends  to  reduce  appetite  and  food 
intake  in  both  animals  and  humans  (Leibowitz  and  Alexan- 
der, 1998),  which  explains  why  stimulation  of  serotonergic 
autoreceptors  by  a 5-HT1A  agonist  would  lead  to  increased 
appetite  and  overeating.  A second  effect  of  5-HT1A  receptor 
stimulation  is  reduced  anxiety,  both  in  humans  and  in  animal 
models  of  anxiety  (see  Chapter  17).  Thus  the  5-HT1A  agonist 
buspirone  (trade  name  Buspar)  is  prescribed  as  an  antianxi- 
ety medication,  whereas  genetic  knockout  mice  lacking  5- 
HT1A  receptors  exhibit  increased  anxiety  in  behavioral  tests 
such  as  the  elevated  zero-maze  (similar  to  the  elevated  plus- 
maze  discussed  in  Chapter  4)  (Figure  6.20;  Heisler  et  al., 
1998).  Yet  another  potential  use  of  5-HT1A  receptor  agonists  is 
in  the  area  of  substance  abuse.  There  are  genetic  strains  of  rats 
that  voluntarily  consume  significant  amounts  of  alcohol. 
Administration  of  a 5-HT1A  agonist  inhibits  this  alcohol  con- 
sumption, which  raises  the  possibility  that  such  compounds 
might  provide  some  therapeutic  benefit  in  the  treatment  of 


(A) 


(B) 


Figure  6.19  5-HT1A  and  5-HT2A  receptors  operate 
through  different  signaling  mechanisms.  5-HT1A  receptors 
inhibit  cAMP  production  and  activate  K+  channel  opening  (A), 
whereas  5-HT2A  receptors  increase  intracellular  Ca2+  levels  and 


stimulate  protein  kinase  C via  the  phosphoinositide  second- 
messenger  system  (B).  For  purposes  of  simplification,  the  G pro- 
teins required  for  coupling  the  receptors  to  their  signaling  path- 
ways are  not  shown. 
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Figure  6.20  Genetic  deletion  of  the  5-HT1A  receptor 
increases  anxiety-like  behavior  in  the  elevated  zero- 
maze.  Wild-type  (5-HT1A+/+)  and  5-HT1A  knockout  (5-HT^A~/_) 
mice  were  tested  in  the  elevated  zero-maze,  which  is  a circular 
apparatus  with  open  and  closed  areas  like  the  elevated  plus- 
maze.  Compared  to  wild-type  mice,  the  knockout  animals 
showed  increased  anxiety,  as  indicated  by  less  time  spent  (A) 
and  less  distance  traveled  (B)  in  the  open  areas  of  the  maze. 
(After  Heisler  et  al.,  1 998.) 


producing)  in  humans.  Indeed,  the  hallucinogenic  effects  of 
lysergic  acid  diethylamide  (LSD)  are  also  believed  to  stem 
from  its  ability  to  stimulate  5-HT2A  receptors.  LSD  and  other 
hallucinogens  are  discussed  in  greater  detail  in  Chapter  14. 

In  the  past  several  years,  blockade  of  5-HT2A  receptors  has 
become  a major  topic  of  discussion  and  research  with  respect 
to  the  treatment  of  schizophrenia.  As  mentioned  in  the  pre- 
vious chapter,  traditional  antischizophrenic  drugs  that  work 
by  blocking  D2  dopamine  receptors  often  produce  serious 
movement-related  side  effects,  some  of  which  can  even 
resemble  Parkinsons  disease.  Such  side  effects  are  much  less 
severe,  however,  with  newer  drugs  such  as  clozapine 
(Clozaril)  and  risperidone  (Risperdal).  Clozapine  and 
risperidone  both  block  5-HT2A  receptors  in  addition  to  their 
effects  on  the  dopamine  system.  This  has  led  to  the  hypothe- 
sis that  a combination  of  D2  and  5-HT2A  receptor  antago- 
nism is  desirable  for  symptom  improvement  in  schizo- 
phrenic patients  while  minimizing  the  side  effects  associated 
with  previous  antischizophrenic  drugs  that  don’t  affect  the 
5-HT2A  receptor  (see  Chapter  18). 


alcoholism.  Finally,  5-HT1A  receptor  agonists  cause  a modest 
amount  of  hypothermia,  which  is  a lowering  of  body  tem- 
perature. Together,  these  findings  indicate  that  5-HT,  acting 
in  some  cases  through  the  5-HT1A  receptor  subtype,  is 
involved  in  the  regulation  of  eating  behavior,  anxiety,  tem- 
perature regulation,  and  the  motivation  to  consume  alcohol. 

5-HT2A  receptors  Large  numbers  of  5-HT2A  receptors  are 
present  in  the  cerebral  cortex.  This  receptor  subtype  is  also 
found  in  the  striatum,  nucleus  accumbens,  and  a variety  of 
other  brain  areas.  Similar  to  some  types  of  muscarinic  recep- 
tors as  well  as  to  aradrenergic  receptors,  5-HT2A  receptors 
function  mainly  by  activating  the  phosphoinositide  second- 
messenger  system  (Figure  6.19B).  You  will  recall  that  this  sys- 
tem increases  Ca2+  levels  within  the  postsynaptic  cell  and 
also  activates  protein  kinase  C (PKC).  Thus  our  discussion 
of  different  neurotransmitters  and  their  receptor  subtypes 
has  shown  common  mechanisms  of  transmitter  action 
occurring  over  and  over  again.  These  mechanisms  may 
involve  a second  messenger  like  cAMP  or  Ca2+,  or  some  type 
of  ion  channel  such  as  K+  channels,  which  are  opened  by  a 
wide  variety  of  receptors. 

The  best-known  5-FTT2A  receptor  agonist  is  l-(2,5- 
dimethoxy-4-iodophenyl)-2-aminopropane  (DOI),  whereas 
ketanserin  and  ritanserin  are  widely  used  5-HT2A  antago- 
nists. Giving  rats  or  mice  DOI  or  another  5-HT2A  agonist  leads 
to  a characteristic  “head-twitch”  response  (periodic,  brief 
twitches  of  the  head)  that  is  a useful  measure  of  5-HT2A  recep- 
tor stimulation  in  these  species.  More  interesting  is  the  fact 
that  DOI  and  related  drugs  are  hallucinogenic  (hallucination- 


Section  Summary 

Most  of  the  serotonergic  neurons  in  the  CNS  are  associated 
with  the  raphe  nuclei  of  the  brain  stem.  Together,  the  dorsal 
and  median  raphe  send  5-HT-containing  fibers  to  virtually 
all  forebrain  areas.  Studies  on  cats  by  Jacobs  and  his  col- 
leagues showed  that  serotonergic  neurons  in  the  dorsal  raphe 
fire  most  rapidly  when  the  animal  is  awake  and  active,  par- 
ticularly when  it  is  engaged  in  some  kind  of  rhythmic  behav- 
ior. These  cells  are  silent  either  when  the  cat  is  in  REM  sleep 
or  when  it  is  paying  attention  to  a sensory  stimulus.  These 
findings  led  to  the  hypothesis  that  one  function  of  5-HT  is 
to  facilitate  the  output  of  motor  systems  while  simultane- 
ously inhibiting  sensory  processing. 

At  least  15  different  5-HT  receptor  subtypes  have  been 
identified.  Some  of  these  fall  within  groups,  such  as  the  5- 
HTj  and  5-HT2  receptor  families.  All  of  the  5-HT  receptors 
are  metabotropic,  except  for  the  5-HT3  receptor,  which  is  an 
excitatory  ionotropic  receptor. 

Two  of  the  best-characterized  5-HT  receptor  subtypes  are 
the  5-HT1A  and  5-HT2A  receptors.  High  levels  of  5-HT1A 
receptors  have  been  found  in  the  hippocampus,  the  septum, 
parts  of  the  amygdala,  and  the  dorsal  raphe  nucleus.  In  the 
raphe  nuclei,  including  the  dorsal  raphe,  these  receptors  are 
mainly  somatodendritic  autoreceptors  on  the  serotonergic 
neurons  themselves.  In  other  brain  areas,  5-HT1A  receptors 
are  found  on  postsynaptic  neurons  that  receive  a serotoner- 
gic input.  5-HT1A  receptors  function  by  inhibiting  cAMP 
formation  and  by  enhancing  the  opening  of  K+  channels  in 
the  cell  membrane.  Administering  a 5-HT1A  agonist  drug 
causes  a number  of  behavioral  and  physiological  effects, 
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TABLE  6.2  Drugs  That  Affect  the  Serotonergic  System 


Drug 

Action 

para- Chlorophenylalanine 

Depletes  5-HT  by  inhibiting  tryptophan  hydroxylase 

Reserpine 

Depletes  5-HT  by  inhibiting  vesicular  uptake 

pflra-Chloroamphetamine,  fenfluramine, 

Release  5-HT  from  nerve  terminals  (MDMA  and 

and  MDMA 

para-c hloroamphetamine  also  have  neurotoxic  effects) 

Fluoxetine 

Inhibits  5-HT  reuptake 

5, 7- Dihydroxy  tryptamine 

5-HT  neurotoxin 

Buspirone,  ipsapirone,  and  8-OH-DPAT 

Stimulate  5-HT1A  receptors  (agonists) 

WAY  100635 

Blocks  5-HT1A  receptors  (antagonist) 

DOI 

Stimulates  5-HT2A  receptors  (agonist) 

Ketanserin  and  ritanserin 

Block  5-HT2A  receptors  (antagonists) 

including  hyperphagia,  reduced  anxiety,  decreased  alcohol 
consumption  in  rats,  and  hypothermia. 

5-HT2A  receptors  are  present  in  the  neocortex,  striatum, 
nucleus  accumbens,  and  other  brain  regions.  This  receptor 
subtype  activates  the  phosphoinositide  second-messenger 
system,  which  increases  the  amount  of  free  Ca2+  within  the 
cell.  When  given  to  rodents,  5-HT2A  receptor  agonists  trigger 
a head-twitch  response.  In  humans,  such  drugs  (which 
include  LSD)  produce  hallucinations.  Certain  drugs  used  in 
the  treatment  of  schizophrenia  can  block  5-HT2A  receptors, 
and  some  researchers  hypothesize  that  such  blockade  may 
reduce  certain  harmful  side  effects  usually  associated  with 
antischizophrenic  medications.  Table  6.2  lists  some  of  the 


major  drugs  that  influence  serotonergic  transmission,  includ- 
ing 5-HT1A  and  5-HT2A  receptor  agonists  and  antagonists. 
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; Doogie  mouse,  a genetically  engineered  strain  that  exhibits 
enhanced  learning  and  memory. 


n 1966,  Daniel  Keyes  published  a science  fiction  novel  entitled  Flowers 
for  Algernon,  in  which  an  experimental  brain  operation  turns  a mentally 
retarded  young  man  into  a genius.  The  book  spawned  an  Oscar- winning 
movie  adaptation  called  Charly ; starring  Cliff  Robertson  as  the  protagonist. 
Tragically,  Charly ’s  intellectual  ascent  was  only  temporary,  and  in  any  case, 
most  people  probably  wouldn’t  want  to  endure  brain  surgery  to  increase 
their  IQ.  On  the  other  hand,  the  possibility  of  a “smart  pill”  would  be  appeal- 
ing to  many.  An  informal  survey  conducted  by  Marilyn  vos  Savant  (author  of 
the  “Ask  Marilyn”  column  in  the  popular  Sunday  newspaper  magazine 
Parade ) found  that  if  given  a choice,  a large  majority  of  respondents  would 

prefer  raising  their  intelligence  to 
improving  their  physical  appearance. 
Likewise,  most  students  would  proba- 
bly appreciate  an  easy  way  to  improve 
their  learning  skills,  perhaps  enabling 
them  to  “ace”  all  their  courses  without 
too  much  difficulty. 


Although  no  genius  pills  are  yet  in  sight, 
researchers  actually  have  been  hard  at  work 
to  find  drugs  that  improve  cognitive  func- 
tion. Some  cognitive-enhancing  com- 
pounds, which  are  called  nootropics,*  act  on 
the  cholinergic  system  (see  Chapter  6).  Oth- 
ers influence  the  amino  acid  neurotransmit- 
ter glutamate,  which  is  the  subject  of  the 
first  part  of  the  present  chapter.  The  effects 
of  nootropic  drugs  have  thus  far  been  rela- 
tively modest.  However,  a group  of  investi- 
gators headed  by  Joe  Tsien  at  Princeton  Uni- 
versity made  a big  splash  in  September  1999, 
when  they  published  an  exciting  paper 
showing  that  a genetic  modification  involv- 
ing one  of  the  receptors  for  glutamate  could 
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enhance  learning  and  long-term  memory  in  mice  (Tang  et 
al.,  1999).  Tsien  and  his  colleagues  called  their  genetically 
engineered  mouse  the  Doogie  mouse,  after  the  former  TV 
show  Doogie  Howser,  M.D.,  which  featured  a boy  genius  who 
became  a doctor  at  a young  age.  We  will  learn  more  about 
the  Doogie  mouse  and  the  role  of  glutamate  in  learning  and 
memory  later  in  this  chapter.  The  second  part  of  the  chapter 
covers  y-aminobutyric  acid  (GABA),  another  important 
amino  acid  neurotransmitter. 

Glutamate 

Glutamate  is  the  term  we  use  for  the  ionized  (i.e.,  electrically 
charged)  form  of  the  amino  acid  glutamic  acid.  Since  most  of 
the  glutamic  acid  in  our  bodies  is  in  this  ionized  state,  we  will 
refer  to  it  as  glutamate  throughout  the  text.  Like  other  com- 
mon amino  acids,  glutamate  is  used  by  all  of  our  cells  to  help 
make  new  proteins.  But  glutamate  also  has  numerous  other 
biochemical  functions  (for  example,  in  energy  metabolism), 
which  is  reflected  in  the  fact  that  it  is  the  most  abundant  amino 
acid  in  the  brain.  Glutamate  and  aspartate  (the  name  for  the 
ionized  form  of  aspartic  acid)  are  the  two  principal  members  of 
a small  family  of  excitatory  amino  acid  neurotransmitters. 
These  transmitters  are  so  named  because  they  cause  a powerful 
excitatory  response  when  applied  to  most  neurons  in  the  brain 
or  spinal  cord.  We  will  focus  on  glutamate,  which  seems  to  be 
the  more  widely  used  excitatory  amino  acid  transmitter  and 
which  has  been  more  intensively  studied  than  aspartate. 

Glutamate  Synthesis,  Release, 
and  Inactivation 

Neurons  generate  glutamate  from 
the  precursor  glutamine 

When  a nerve  cell  synthesizes  a molecule  of  norepinephrine 
(NE),  acetylcholine  (ACh),  or  serotonin  (5-HT),  it  is  almost 
always  for  the  purpose  of  neurotransmission.  Moreover,  in 
the  brain  these  substances  are  localized  specifically  within  the 
cells  using  them  as  transmitters.  However,  we  must  recognize 
that  the  situation  is  different  for  glutamate  due  to  its  roles  in 
protein  synthesis  and  general  cellular  metabolism.  First,  all 
neurons  and  glial  cells  contain  significant  amounts  of  gluta- 
mate, although  neurons  that  use  glutamate  as  a transmitter 
(called  glutamatergic  neurons)  possess  even  greater  con- 
centrations than  other  cells  in  the  brain.  Second,  glutamater- 
gic neurons  are  thought  to  segregate  the  pool  of  glutamate 
they  use  for  transmission  from  the  pool  of  glutamate  used 


*The  term  nootropic  comes  from  two  Greek  words:  noos,  which 
means  “mind,”  and  tropein , which  means  “toward.” 
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Figure  7.1  Glutamate  is  synthesized  from  glutamine  by 
the  enzyme  glutaminase. This  reaction  requires  energy  pro- 
vided by  the  breakdown  of  adenosine  triphosphate  (ATP)  into 
adenosine  diphosphate  (ADP)  and  phosphate  (P043-). 


for  other  cellular  functions.  These  facts  complicate  both  our 
ability  to  determine  which  nerve  cells  actually  are  gluta- 
matergic and  our  understanding  of  how  these  cells  synthe- 
size and  dispose  of  the  transmitter-related  glutamate. 
Nevetheless,  researchers  have  accumulated  considerable 
information,  which  we  summarize  in  this  section. 

Glutamate  can  be  synthesized  by  several  different  chemi- 
cal reactions.  Most  molecules  of  glutamate  are  derived  ulti- 
mately from  the  normal  metabolic  breakdown  of  the  sugar 
glucose.  The  more  immediate  precursor  for  much  of  the 
transmitter-related  glutamate  is  a related  substance  known 
as  glutamine.  Neurons  can  transform  glutamine  into  gluta- 
mate using  an  enzyme  called  glutaminase  (Figure  7.1).  We 
will  see  in  the  next  section  that  the  role  of  glutamine  in  glu- 
tamate synthesis  involves  a fascinating  metabolic  partnership 
between  glutamatergic  neurons  and  neighboring  glial  cells, 
specifically  astrocytes. 

Glutamate  is  released  from  vesicles  and 
removed  from  the  synaptic  cleft  by  both 
neuronal  and  glial  transport  systems 

For  a long  time,  no  one  knew  how  glutamate  got  into  synap- 
tic vesicles  for  the  purpose  of  storage  and  release.  Then 
between  the  years  2000  and  2002,  researchers  discovered  three 
distinct  proteins  that  package  glutamate  into  vesicles: 
VGLUT1,  VGLUT2,  and  VGLUT3  (VGLUT  standing  for 
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vesicular  glutamate  transporter).  These  proteins  provide 
good  markers  for  glutamatergic  neurons,  because  unlike  glu- 
tamate itself,  they  are  found  only  in  cells  that  use  glutamate 
as  a neurotransmitter.  Glutamatergic  neurons  generally  pos- 
sess either  VGLUT1  or  VGLUT2  (but  not  both),  with 
VGLUT3  being  less  abundant  than  the  other  two  trans- 
porters. As  illustrated  in  Figure  7.2A  and  B,  mRNAs  for  the 
VGLUT1  and  VGLUT2  genes  show  very  little  overlap  across 
different  brain  regions,  confirming  that  the  glutamatergic 
neurons  in  most  regions  manufacture  only  one  VGLUT.  What 
difference  does  it  make  which  vesicular  glutamate  transporter 
is  expressed  by  a particular  nerve  cell?  This  question  is  being 
investigated,  but  we  don’t  yet  have  a clear  answer. 

After  glutamate  molecules  are  released  into  the  synaptic 
cleft,  they  are  rapidly  removed  by  other  glutamate  trans- 
porters located  on  cell  membranes.  Always  keep  in  mind  that 
the  plasma  membrane  transporters  that  remove  neurotrans- 
mitters from  the  synaptic  cleft  are  distinct  from  the  trans- 
porters on  the  vesicle  membranes  that  are  responsible  for 
loading  the  vesicles  in  preparation  for  transmitter  release.  In 
the  case  of  glutamate,  five  different  plasma  membrane  trans- 
porters have  already  been  identified.  Because  these  trans- 
porters take  up  aspartate  as  well  as  glutamate,  they  are  called 
EAAT1-EAAT5  (EAAT  standing  for  excitatory  amino  acid 
transporter).  Two  of  these  transporters,  EAATl  and  EAAT2, 
are  located  mainly  on  astrocytes  instead  of  neurons.  Of  the 
neuronal  transporters,  EAAT3  is  the  most  widely  distributed 
in  the  brain.  As  we  will  see  later,  prolonged  high  levels  of  glu- 
tamate in  the  extracellular  fluid  are  very  dangerous,  produc- 


ing excessive  neuronal  excitation  and  even  cell  death.  With 
this  in  mind,  it  is  interesting  to  discover  that  uptake  by  astro- 
cytes seems  to  be  particularly  important  in  controlling  the 
amount  of  extracellular  glutamate.  For  example,  there  is  evi- 
dence that  more  than  half  of  patients  with  amyotrophic  lat- 
eral sclerosis  (ALS;  also  known  as  Lou  Gehrig’s  disease),  a 
neurological  disorder  involving  degeneration  of  motor  neu- 
rons in  the  spinal  cord  and  cortex,  have  abnormalities  in 
EAAT2  in  the  affected  areas  of  their  nervous  systems  (Lin  et 
al.,  1998).  In  rats,  inhibition  of  EAATl  or  EAAT2  synthesis 
led  to  large  increases  in  extracellular  glutamate  levels  in  the 
striatum,  indicating  that  these  transporters  are  the  most 
important  ones  for  normal  glutamate  uptake  in  this  brain 
area  (Rothstein  et  al.,  1996).  Furthermore,  there  were  signs 
of  neural  degeneration  in  the  striatum  in  the  treated  animals, 
and  all  of  the  animals  exhibited  progressive  motor  deficits. 
In  contrast,  inhibition  of  the  neuronal  glutamate  transporter 
EAAT3  was  much  less  effective  in  producing  either  neural 
degeneration  or  behavioral  symptoms. 

Besides  playing  a key  role  in  removing  excess  glutamate 
from  the  extracellular  space,  the  astrocyte  transporters  are 
also  intimately  involved  in  the  metabolic  partnership 
between  neurons  and  astrocytes.  After  astrocytes  have  taken 
up  glutamate  by  means  of  EAATl  or  EAAT2,  they  convert  a 
major  portion  of  it  to  glutamine  by  means  of  an  enzyme 
called  glutamine  synthetase.  The  glutamine  is  then  trans- 
ported out  of  the  astrocytes  and  picked  up  by  neurons,  where 
it  can  be  converted  back  into  glutamate  by  glutaminase,  as 
described  earlier.  This  interplay  between  glutamatergic  neu- 


Figure  7.2  Distribution  of  VGLUTs  in  the  brain  Horizontal  sections  through  rat  brain 
showing  the  regional  distribution  of  mRNAs  for  VGLUT2  (A)  and  VGLUT1  (B).  Most  brain 
regions  express  one  of  the  transporters  much  more  strongly  than  the  other.  (Images  cour- 
tesy of  Robert  Edwards.) 
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Figure  7.3  Cycling  of  glutamate  and  glu- 
tamine between  glutamatergic  neurons 
and  astrocytes  After  neurons  release  gluta- 
mate, it  can  be  transported  back  into  the 
nerve  terminal  by  EAAT3  or  transported  into 
nearby  astrocytes  by  EAAT1  or  EAAT2.  Inside 
the  astrocyte,  glutamate  is  converted  into  glu- 
tamine by  the  enzyme  glutamine  synthetase. 
The  glutamine  can  be  later  released  by  the 
astrocytes,  taken  up  by  neurons, and  convert- 
ed back  into  glutamate  by  the  enzyme  gluta- 
minase. 


rons  and  neighboring  astrocytes  is  illustrat- 
ed in  Figure  7.3.  It  is  reasonable  to  wonder 
why  such  a complex  system  has  evolved;  why 
don’t  the  neurons  themselves  have  the  pri- 
mary responsibility  for  glutamate  reuptake, 
as  we  have  seen  previously  for  the  cate- 
cholamine neurotransmitters  and  for  sero- 
tonin? Although  we  aren’t  certain  about  the 
answer  to  this  question,  it’s  worth  noting  that 
glutamine  does  not  produce  neuronal  excitation  and  there- 
fore is  not  potentially  dangerous  like  glutamate.  Hence,  glial 
cell  production  of  glutamine  may  be  the  brain’s  way  of  stor- 
ing glutamate  in  a form  that  is  “safe”  but  still  available  for  use 
once  the  glutamine  has  been  transferred  to  the  neurons  and 
reconverted  to  glutamate. 


Section  Summary 


their  neighboring  glial  cells.  The  importance  of  EAAT2,  in 
particular,  is  exemplified  in  recent  findings  that  many 
patients  suffering  from  the  neurological  disorder  ALS  seem 
to  have  abnormalities  in  this  transporter. 


Organization  and  Function  of  the 
Glutamatergic  System 


Glutamate  and  aspartate  are  amino  acid  neurotransmitters 
that  have  potent  excitatory  effects  on  neurons  throughout 
the  brain  and  spinal  cord.  Although  glutamate  is  contained 
within  all  cells  due  to  its  multiple  biochemical  functions,  glu- 
tamatergic neurons  are  thought  to  possess  higher  glutamate 
concentrations  than  other  cells  and  to  segregate  their  neuro- 
transmitter pool  of  this  amino  acid.  Many  of  the  glutamate 
molecules  that  are  released  synaptically  are  synthesized  from 
glutamine  in  a chemical  reaction  catalyzed  by  the  enzyme 
glutaminase. 

Glutamate  is  packaged  into  vesicles  by  the  vesicular  trans- 
porters VGLUT1,  VGLUT2,  and  VGLUT3.  After  being 
released,  glutamate  molecules  are  removed  from  the  extra- 
cellular space  by  several  different  excitatory  amino  acid 
transporters,  designated  EAAT1-EAAT5.  EAAT1  and  EAAT2 
mediate  glutamate  uptake  into  astrocytes,  after  which  some 
of  the  glutamate  is  converted  into  glutamine.  This  glutamine 
can  subsequently  be  transported  from  the  astrocytes  to  the 
glutamatergic  neurons,  where  it  is  transformed  back  into 
glutamate  and  reutilized.  This  constitutes  an  important 
metabolic  interplay  between  glutamatergic  nerve  cells  and 


Glutamate  is  the  neurotransmitter  used  in 
many  excitatory  pathways  in  the  brain 

Glutamate  is  considered  to  be  the  workhorse  transmitter  for 
fast  excitatory  signaling  in  the  nervous  system.  Not  only  is 
it  used  in  many  excitatory  neuronal  pathways,  but  the  most 
important  receptors  for  glutamate  are  ionotropic  receptors 
that  produce  fast  postsynaptic  responses  (see  the  next  sec- 
tion). We  will  not  discuss  a large  number  of  glutamatergic 
pathways  here,  but  simply  mention  a few  that  have  been 
extensively  studied.  In  the  cerebral  cortex,  glutamate  is  the 
main  neurotransmitter  used  by  the  pyramidal  neurons. 
These  cells,  which  are  named  on  the  basis  of  their  pyramid- 
like shape,  are  the  major  output  neurons  of  the  cortex.  Their 
axons  project  to  numerous  subcortical  structures,  including 
the  striatum,  the  thalamus,  various  limbic  system  structures, 
and  regions  of  the  brain  stem.  Glutamate  is  also  used  in  the 
numerous  parallel  fibers  of  the  cerebellar  cortex  and  in  sev- 
eral excitatory  pathways  within  the  hippocampus. 

Because  glutamate  is  found  throughout  the  brain,  it  is 
more  difficult  to  assign  specific  functional  roles  to  this  neu- 
rotransmitter than  it  is  for  some  of  the  other  transmitters 
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covered  previously.  Glutamate  is  undoubtedly  involved  in 
many  different  behavioral  and  physiological  functions,  but 
among  the  most  important  are  synaptic  plasticity  (that  is, 
changes  in  the  strength  of  synaptic  connections),  learning, 
and  memory.  We  discuss  the  role  of  glutamate  in  these 
processes  in  greater  detail  later. 

Both  ionotropic  and  metabotropic  receptors 
mediate  the  synaptic  effects  of  glutamate 

Glutamate  receptors  are  divided  into  two  broad  families:  a 
group  of  ionotropic  receptors  for  fast  signaling  and  a group 
of  slower  metabotropic  receptors  that  function  by  means  of 
second-messenger  systems.  We  will  focus  on  the  ionotropic 
receptors,  since  those  are  most  important  for  understanding 
the  mechanisms  of  glutamate  action  in  the  brain.  Note  that 
glutamate  receptors  are  also  used  by  aspartate  and  possibly 
by  other  excitatory  amino  acid  transmitters  that  may  exist. 
Hence,  these  receptors  are  sometimes  called  excitatory  amino 
add  receptors  rather  than  simply  glutamate  receptors. 

Ionotropic  glutamate  receptors  There  are  three  subtypes 
of  ionotropic  glutamate  receptors.  Each  is  named  for  a rela- 
tively selective  agonist  for  that  receptor  subtype.  First  is  the 
AMPA  receptor,  which  is  named  for  the  selective  agonist 
AMPA  (a-amino-3-hydroxy-5-methyl-4-isoxazole  propri- 
onic  acid),  a synthetic  (not  naturally  occurring)  amino  acid 
analog.  Most  fast  excitatory  responses  to  glutamate  are  medi- 
ated by  stimulation  of  AMPA  receptors.  The  second 
ionotropic  receptor  subtype  is  the  kainate  receptor,  which  is 
named  for  the  selective  agonist  kainic  acid.  Even  though 
kainic  acid  powerfully  stimulates  kainate  receptors  in  the 
mammalian  brain,  this  substance  actually  comes  from  a type 
of  seaweed  called  Digenea  simplex.  The  third  ionotropic  glu- 
tamate receptor  is  the  NMDA  receptor,  the  agonist  of  which 
is  obviously  NMDA  (N-methyl-D-aspartate).  Like  AMPA, 
NMDA  is  a synthetic  amino  acid.  Thus,  we  see  that  pharma- 
cologists have  had  to  take  advantage  of  several  unusual  com- 
pounds (either  man-made  or  plant-derived)  to  distinguish 
between  the  different  ionotropic  receptor  subtypes,  since 
glutamate  itself  obviously  must  activate  all  of  these  receptors. 

Like  the  nicotinic  receptors  discussed  in  the  previous 
chapter,  ionotropic  glutamate  receptors  depolarize  the  mem- 
brane of  the  postsynaptic  cell,  which  leads  to  an  excitatory 
response.  For  the  AMPA  and  kainate  receptors,  this  depolar- 
izing effect  is  produced  mainly  by  the  flow  of  sodium  (Na+) 
ions  into  the  cell  through  the  receptor  channel.  In  the  case  of 
NMDA  receptors,  the  channel  conducts  not  only  Na+  but 
also  significant  amounts  of  calcium  (Ca2+).  Since  Ca2+  can 
function  as  a second  messenger  in  the  postsynaptic  cell  (see 
Chapter  3),  this  is  an  interesting  case  where  an  ionotropic 
receptor  (the  NMDA  receptor)  directly  activates  a second- 
messenger  system  (Figure  7.4). 


AMPA  Kainate  NMDA 


Figure  7.4  All  ionotropic  glutamate  receptor  channels 
conduct  Na+  ions  into  the  cell  but  NMDA  receptor  channels 
also  conduct  Ca2+  ions.  Once  inside  the  cell,Ca2+  can  activate  a 
number  of  important  second-messenger  functions. 


Going  back  to  the  nicotinic  receptor  again,  recall  that  the 
complete  receptor  contains  five  separate  proteins  (subunits) 
that  come  together  in  the  membrane  to  form  the  receptor 
channel.  Ionotropic  glutamate  receptors  are  also  formed 
from  multiple  subunits,  but  the  subunits  are  different  for 
each  receptor  subtype  (AMPA,  kainate,  and  NMDA).  Not 
surprisingly,  this  is  why  the  three  subtypes  differ  in  their 
pharmacology.  Not  only  does  each  subtype  have  its  own 
selective  agonist,  but  various  receptor  antagonists  have  also 
been  developed  that  have  helped  us  understand  the  behav- 
ioral and  physiological  functions  of  these  receptors. 

One  widely  used  antagonist  called  NBQX  (6-nitro-7-sul- 
famoyl-benzo(f)-quinoxaline-2,3-dione)  can  block  both 
AMPA  and  kainate  receptors,  although  it  is  somewhat  more 
effective  against  the  former  subtype.  The  compound  has  no 
effect  on  NMDA  receptors.  Rats  or  mice  treated  with  high 
doses  of  NBQX  exhibit  sedation,  reduced  locomotor  activity 
and  ataxia  (impaired  coordination  in  movement;  an  exam- 
ple in  humans  is  staggering),  poor  performance  in  the  rotar- 
od  task  (another  test  of  coordination),  and  protection 
against  electrically  or  chemically  induced  seizures.  These 
findings  indicate  a broad  role  for  AMPA  (and  possibly  also 
kainate)  receptors  in  locomotor  activity,  coordination,  and 
brain  excitability  (as  shown  by  the  seizure  results). 

NMDA  receptors  possess  a number  of  characteristics  not 
found  in  the  other  glutamate  ionotropic  receptors  (Figure 
7.5).  First,  we’ve  already  mentioned  that  unlike  AMPA  and 
kainate  receptor  channels,  the  channels  for  NMDA  receptors 
allow  Ca2+  ions  to  flow  into  the  postsynaptic  cell,  thus  trigger- 
ing Ca2+-dependent  second-messenger  activities.  Second, 
NMDA  receptors  are  very  unusual  in  that  there  are  actually 
two  different  neurotransmitters  required  to  stimulate  the 
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mV),  Mg2+  ions  are  bound  to  this  site  relatively  tightly.  This 
causes  the  receptor  channel  to  be  blocked,  even  if  glutamate 
and  glycine  or  D-serine  are  present  to  activate  the  receptor. 
However,  if  the  membrane  becomes  depolarized,  then  the 
Mg2+  ions  dissociate  from  the  receptor  and  permit  the  chan- 
nel to  open  if  glutamate  and  glycine  or  D-serine  are  present. 
Consider  the  implications  of  this  property  of  NMDA  recep- 
tors. How  does  the  membrane  become  depolarized?  The 
answer,  of  course,  is  that  some  other  source  of  excitation 
(other  than  through  NMDA  receptors)  must  have  already 
activated  the  cell.  This  other  source  of  excitation  could  have 
been  either  glutamate  acting  through  AMPA  (or  potentially 
kainate)  receptors,  or  a different  transmitter  such  as  acetyl- 
choline acting  through  nicotinic  receptors.  The  point  is  that 
an  NMDA  receptor  is  a kind  of  biological  “coincidence  detec- 
tor.” That  is,  the  channel  only  opens  when  two  events  occur 
close  together  in  time:  (1)  glutamate  is  released  onto  the 
NMDA  receptor,  and  (2)  the  cell  membrane  is  depolarized  by 
stimulation  of  a different  excitatory  receptor  (Figure  7.6). 

The  second  site,  which  is  also  located  within  the  receptor 
channel,  recognizes  the  abused  drugs  phencyclidine  (PCP) 


Figure  7.5  NMDA  receptor  properties  The  NMDA  receptor 
is  activated  by  simultaneous  binding  of  glutamate  and  a co- 
agonist, either  glycine  or  D-serine.The  receptor  channel  can  be 
blocked  by  Mg2+  ions  under  resting  conditions  and  also  by  the 
presence  of  the  abused  drug  phencyclidine  (PCP). 


receptor  and  open  its  ion  channel.  The  first  neurotransmitter, 
of  course,  is  glutamate.  But  in  addition  to  the  binding  site  for 
glutamate  on  the  NMDA  receptor  complex,  there  is  also  a 
binding  site  that  recognizes  the  amino  acid  glycine.  The 
importance  of  this  is  that  if  the  glycine  binding  site  isn’t  occu- 
pied at  the  same  time  as  the  glutamate  binding  site,  the 
NMDA  receptor  channel  remains  closed.  If  that  wasn’t  com- 
plicated enough,  it  appears  that  another  amino  acid,  D-serine, 
may  be  more  important  than  glycine  for  interacting  with  the 
second  binding  site.  In  any  case,  either  glycine  or  D-serine  is 
considered  to  be  a co-agonist  with  glutamate  at  the  NMDA 
receptor,  since  one  or  the  other  of  these  substances  is  just  as 
necessary  as  glutamate  for  receptor  activation.  However, 
because  the  co-agonist  binding  site  is  thought  to  be  occupied 
under  most  conditions,  the  presence  or  absence  of  glutamate  is 
the  more  important  factor  in  determining  channel  opening. 

There  are  two  additional  binding  sites  on  the  NMDA 
receptor  that  affect  its  function.  One  is  a site  within  the  recep- 
tor channel  that  binds  magnesium  (Mg2+)  ions.  When  the  cell 
membrane  is  at  the  resting  potential  (typically  -60  or  -70 
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Figure  7.6  Role  of  the  membrane  potential  in  NMDA 
receptor  activation  Even  in  the  presence  of  agonist  binding, 
NMDA  receptor  channels  cannot  open  unless  the  cell  mem- 
brane is  depolarized,  thereby  removing  the  Mg2+  block. 
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and  ketamine,  as  well  as  MK-801  (dizocilpine),  which  is  a 
compound  more  commonly  used  for  research  purposes. 
When  any  of  these  drugs  binds  to  the  PCP  site,  it  blocks  the 
channel  and  thus  prevents  ion  flow.  Because  these  com- 
pounds do  not  interfere  with  the  ability  of  glutamate  to  bind 
to  its  site  on  the  receptor,  they  are  noncompetitive  rather 
than  competitive  antagonists  of  the  NMDA  receptor.  As  will 
be  discussed  further  in  Chapter  14,  most  of  the  behavioral 
effects  of  PCP  and  ketamine  are  due  to  NMDA  receptor 
antagonism. 

Metabotropic  glytamate  receptors  Besides  the  three 
ionotropic  receptors,  there  are  also  eight  different 
metabotropic  glutamate  receptors.  They  are  designated 
mGluRl-mGluR8.  Through  their  coupling  to  G proteins, 
some  of  these  receptors  inhibit  cyclic  adenosine  monophos- 
phate (cAMP)  formation,  whereas  others  activate  the  phos- 
phoinositide  second-messenger  system.  Finally,  certain 
metabotropic  glutamate  receptors  are  located  on  nerve  ter- 
minals, where  they  act  as  presynaptic  autoreceptors  to  inhib- 
it glutamate  release.  The  novel  amino  acid  L-AP4  (l-2- 
amino-4-phosphonobutyrate)  is  a selective  agonist  at  these 
glutamate  autoreceptors,  thereby  suppressing  glutamatergic 
synaptic  transmission. 

We  previously  saw  that  functioning  AM  PA  receptors  are 
necessary  for  normal  locomotor  activity,  motor  coordina- 
tion, and  learning.  The  same  is  also  true  for  at  least  some  of 
the  metabotropic  glutamate  receptors,  such  as  mGluRl. 
Mutant  mice  in  which  the  mGluRl  receptor  gene  has  been 
inactivated  show  reduced  locomotion,  an  ataxic  gait,  poor 
coordination,  and  deficits  in  several  kinds  of  learning  tasks 
(Aiba  et  al.,  1994a;  Aiba  et  al.,  1994b;  Conquet  et  al.,  1994). 
Moreover,  one  study  found  that  restoration  of  the  mGluRl 
gen ejust  in  the  Purkinje  cells  of  the  cerebellum  (these  are  the 
major  output  neurons  of  the  cerebellar  cortex)  reinstated 
normal  locomotion  and  motor  coordination  in  the  mice 
(learning  was  not  tested  in  this  study)  (Ichise  et  al.,  2000;  Fig- 
ure 7.7).  From  this  intriguing  result,  the  authors  concluded 
that  the  mGluRl  receptor  in  Purkinje  cells  is  required  for  the 
normal  cerebellar  regulation  of  motor  function.  Various 
metabotropic  glutamate  receptors  also  participate  in  many 
other  behavioral  and  physiological  functions,  including  pain 
perception,  anxiety,  and  the  regulation  of  brain  excitability. 

NMDA  receptors  play  a key  role  in 
learning  and  memory 

Earlier,  we  mentioned  that  NMDA  receptors  are  thought  to 
play  an  important  role  in  learning  and  memory,  and  the 
coincidence  detection  feature  of  the  NMDA  receptor  is  one 
possible  aspect  of  this  role.  Many  forms  of  learning  are  asso- 
ciative, meaning  that  they  involve  the  pairing  of  two  events, 
such  as  two  different  stimuli  or  a stimulus  and  a response. 


Figure  7.7  Role  of  mGluRl  in  locomotor  activity 

Genetically  normal  (wild-type)  mic e,  mGluRl  knockout  mice 
[mGluRl^-), and  mice  in  which  th e mGluRl  gene  was  restored 
just  in  cerebellar  Purkinje  cells  {mGluRl -rescue)  were  tested  for 
horizontal  activity  over  a 1 20-minute  period  in  an  open  field. 
Activity  in  the  wild-type  mice  was  high  during  the  first  30- 
minute  time  block  and  then  gradually  decreased  as  the  animals 
habituated  to  the  novel  environment.The  mGluRl  knockout 
mice  showed  low  levels  of  activity  throughout  the  test  session, 
whereas  rescue  of  the  mGluRl  gene  in  cerebellar  Purkinje  cells 
completely  restored  the  normal  activity  pattern.  (From  Ichise  et 
al.,  2000.) 


One  kind  of  simple  associative  learning  is  classical  condi- 
tioning, as  exemplified  by  Pavlov’s  original  experiment  with 
dogs.  Like  the  opening  of  an  NMDA  receptor  channel,  classi- 
cal conditioning  is  based  on  the  close  timing  of  two  events: 
the  pairing  of  a conditioned  stimulus  (the  bell  in  Pavlovs 
experiment)  with  an  unconditioned  stimulus  (the  meat  pow- 
der). You  can  see  that  the  NMDA  receptor  represents  a bio- 
chemical mechanism  that  could  be  involved  not  only  in  clas- 
sical conditioning  but  in  other  forms  of  associative  learning. 

There  are  other,  more  direct  lines  of  evidence  linking 
NMDA  receptors  with  learning.  First,  a number  of  studies 
have  found  that  treatment  with  NMDA  receptor  antagonists 
leads  to  impaired  acquisition  of  various  tasks,  especially 
those  involving  spatial  learning.  This  makes  sense  in  light  of 
the  fact  that  the  hippocampus,  a brain  area  that  is  necessary 
for  spatial  learning,  contains  a high  density  of  NMDA  recep- 
tors. Second,  NMDA  receptors  are  critically  involved  in  an 
important  type  of  synaptic  plasticity  known  as  long-term 
potentiation  (LTP)  (Box  7.1).  Many  investigators  believe  that 
LTP  could  underlie  various  kinds  of  learning,  particularly 
those  mediated  by  the  hippocampus. 
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BOX  7.1 


/?o/e  of  Glutamate  Receptors  in 
Long-Term  Potentiation 


Hippocampus 


CA1 


(A)  Long-term  potentiation  of  synaptic  transmission  can  be  studied  in  vitro  using 
the  hippocampal  slice  preparation. 


Long-term  potentiation  (LTP)  refers  to  a 
persistent  (at  least  1 hour)  increase  in 
synaptic  strength  produced  by  a burst 
of  activity  in  the  presynaptic  neuron. 
This  burst  of  firing  is  produced  experi- 
mentally by  a single  brief  train  of  elec- 
trical stimuli  (for  example,  100  stimuli 
over  a period  of  1 second)  that  is  some- 
times called  a tetanic  stimulus  (or  sim- 
ply a tetanus).The  synaptic  enhance- 
ment produced  by  the  tetanus  is 
measured  by  changes  in  the  excitatory 
postsynaptic  potential  (EPSP)  recorded 
in  the  postsynaptic  cell. 

Although  LTP  occurs  in  many  brain 
areas,  it  was  first  discovered  in  the 
hippocampus  and  has  been  studied 
most  extensively  in  that  structure.The 
hippocampus  from  a rat  or  mouse  is 
cut  into  slices  around  200  pm  (0.2 
mm)  in  thickness.These  slices  are 
then  placed  in  a dish  where  the  neu- 
rons can  be  maintained  in  a healthy 
state  for  many  hours  while  the  investi- 
gator stimulates  them  and  records 
their  electrophysiological  responses. 
The  important  cellular  anatomy  of  a 
hippocampal  slice  is  illustrated  in  Fig- 
ure A.  Without  going  into  great  detail, 
it  is  sufficient  to  know  that  all  of  the 
pathways  shown  in  the  diagram  use 
glutamate  as  their  transmitter  and 
that  LTP  occurs  at  all  of  the  synaptic 
connections  depicted.  However,  the 
majority  of  LTP  studies  have  focused 
on  the  pyramidal  neurons  of  the  CA1 
region  of  the  hippocampus,  which 
receive  excitatory  glutamatergic 
inputs  from  the  CA3  neurons  via  the 
Schaffer  collaterals. 

Figure  B depicts  what  happens  to  a 
typical  synapse  on  a CA1  pyramidal 
neuron  before,  during,  and  after  the 
tetanic  stimulus.  A test  pulse  (single 
electrical  stimulation)  of  the  presy- 
naptic cell  is  used  to  assess  the 


strength  of  the  synaptic  connection. 
The  test  pulse  elicits  the  release  of  a 
small  amount  of  glutamate  from  the 
presynaptic  nerve  endings.  As  shown 
in  the  left  panel,  this  glutamate  binds 
to  both  AMPA  and  NMDA  receptors  in 
the  postsynaptic  membrane.There  is 
a small  EPSP  that  is  produced  mainly 
by  the  AMPA  receptors.  However,  the 
NMDA  receptor  channels  fail  to  open 
because  the  membrane  is  not  depo- 
larized sufficiently  to  release  the  Mg2+ 
block  of  those  channels.  As  long  as 
the  test  pulses  are  separated  in  time, 
you  can  give  many  of  these  pulses 
and  not  see  any  enhancement  of  the 
EPSP.  But  look  at  what  happens  in 
response  to  a tetanic  stimulus  (middle 
panel).  Much  more  glutamate  is 
released,  which  causes  a prolonged 
activation  of  the  AMPA  receptors  and 


a greater  postsynaptic  depolarization. 
This  permits  Mg2+  ions  to  dissociate 
from  the  NMDA  receptor  channels 
and  Ca2+  ions  to  enter  the  cell 
through  these  channels.  Acting  as  a 
second  messenger,  these  Ca2+  ions 
alter  the  functioning  of  the  postsy- 
naptic cell  so  that  the  same  test  pulse 
given  before  now  produces  an 
enhanced  EPSP  (right  panel). 

LTP  can  be  divided  into  two  phas- 
es: an  induction  phase,  which  takes 
place  during  and  immediately  after 
the  tetanic  stimulation,  and  an 
expression  phase,  which  represents 
the  enhanced  synaptic  strength 
measured  at  a later  time.  NMDA 
receptors  play  a critical  role  in  the 
induction  phase  but  not  the  expres- 
sion phase.  We  know  this  because 
application  of  an  NMDA  receptor 
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(B)  Long-term  potentiation  is  induced  by  a tetanic  stimulation  of  the  presynaptic  input. 


antagonist  to  the  hippocampal  slice 
during  the  tetanus  blocks  induction, 
but  the  same  drug  applied  during  the 
test  pulse  does  not  prevent  the 
enhanced  EPSP.  In  contrast,  AMPA 
receptors  are  necessary  for  LTP 
expression,  since  it  is  an  AMPA  recep- 
tor-mediated EPSP  that  is  facilitated 
in  LTP. 

The  biochemical  mechanisms 
thought  to  underlie  LTP  are  illustrated 
in  Figure  C.The  influx  of  Ca2+  ions 
through  the  NMDA  receptor  channels 
activates  several  protein  kinases, 
including  one  type  of  calcium/ 
calmodulin  protein  kinase  called 
CaMKII  (see  Chapter  3).CaMKII  and  the 
other  kinases  phosphorylate  the 
AMPA  receptors,  which  has  two  conse- 
quences. First,  the  sensitivity  of  the 
receptors  to  glutamate  is  enhanced. 
Second,  more  AMPA  receptors  are 
inserted  into  the  postsynaptic  mem- 
brane. Both  of  these  mechanisms 
enhance  the  strength  of  signaling  at 
potentiated  synapses.The  tetanic 
stimulation  that  gives  rise  to  LTP  may 


(C)  The  mechanism  underlying  LTP  involves 
modification  of  AMPA  receptors  in  the  postsy- 
naptic cell. 


172  Chapter  7 


BOX  7.1  (continued) 

also  produce  presynaptic  changes 
that  lead  to  increased  glutamate 
release  from  the  nerve  terminal. 
Researchers  believe  that  this  presy- 
naptic component  involves  some  kind 
of  retrograde  messenger  produced 
in  the  postsynaptic  cell  that  diffuses 
back  to  the  nerve  terminal  to  alter  the 
release  process.  Although  the  identity 
of  this  substance  is  not  yet  known,  one 
important  candidate  is  the  gaseous 
messenger  nitric  oxide  (NO).  Nitric 
oxide  synthesis  is  stimulated  by  Ca2+, 


and  the  results  of  some  pharmacologi- 
cal studies  that  manipulated  NO  levels 
in  the  hippocampal  slice  are  consistent 
with  its  involvement  in  LTP.  However, 
there  are  also  conflicting  data  that 
must  be  resoWed  m order  to  confirm 
NO's  role  as  a retrograde  messenger. 

We  have  seen  that  glutamate  and 
two  of  its  receptor  subtypes  are  inti- 
mately involved  in  an  important  form 
of  synaptic  plasticity  called  LTP.  Learn- 
ing and  memory  are  generally 
thought  to  require  synaptic  changes 


in  the  brain.  Could  LTP  be  one  of  these 
kinds  of  changes?  Recall  that  NMDA 
receptor  blockade  not  only  prevents 
LTP  induction  but  also  leads  to  deficits 
in  certain  learning  tasks.  Although 
researchers  are  still  debating  the 
issue,  it's  a reasonable  bet  that  LTP  will 
eventually  be  shown  to  underlie  at 
least  some  kinds  of  learning  or  other 
cognitive  processes.  If  so,  then  neu- 
ropharmacologists might  be  able  to 
develop  drugs  that  improve  learning 
by  enhancing  LTP. 


The  third  line  of  evidence  brings  us  back  to  the  Doogie 
mouse  mentioned  at  the  beginning  of  this  chapter.  Unlike 
the  knockout  mice  that  we  have  discussed  in  previous  chap- 
ters, this  strain  of  mouse  was  genetically  engineered  to  over- 
express one  of  the  subunits  of  the  NMDA  receptor,  namely 
the  NR2B  subunit  (Tang  et  al,  1999).  This  resulted  in  more- 
efficient  NMDA  receptor  functioning  and  possibly  also 
increased  levels  of  the  receptor  in  the  transgenic  animals. 
Compared  to  normal  controls,  the  Doogie  mice  showed 
enhanced  LTP.  They  also  showed  improved  learning  and 
memory  on  several  tasks.  For  example,  the  Doogie  mice 
demonstrated  enhanced  fear  conditioning  and  faster  extinc- 
tion of  the  learned  fear  response  than  normal  mice.  The 
transgenic  animals  also  performed  better  in  the  Morris  water 
maze,  which  is  a spatial  navigation  task  (see  Chapter  4). 
Finally,  the  subjects  were  tested  in  a novel-object-recognition 
task  in  which  they  were  initially  allowed  to  explore  two 
objects  for  a period  of  5 minutes  (see  chapter  opening  photo 
for  examples  of  objects  used  in  this  task).  After  an  interval  of 
1 hour,  1 day,  3 days,  or  1 week,  a novel  object  was  substitut- 
ed for  one  of  the  two  original  (familiar)  objects  and 
exploratory  behavior  was  again  tested.  Because  subjects  tend 
to  spend  more  time  exploring  unfamiliar  objects,  recall  of 
the  remaining  original  object  would  be  demonstrated  by  less 
exploration  of  that  stimulus.  The  researchers  expected  that 
if  the  original  object  was  forgotten,  the  subjects  would  spend 
approximately  equal  amounts  of  time  exploring  both  objects 
in  the  recall  test.  The  results  indicated  that  both  normal 
(wild-type)  and  Doogie  mice  had  good  recall  at  the  1-hour 
test,  because  both  groups  explored  the  novel  stimulus  much 
more  than  the  original  stimulus  at  that  time  point  (Figure 
7.8).  At  the  1-day  and  3-day  tests,  however,  the  controls 
showed  little  memory  of  the  original  stimulus  (that  is,  they 
explored  both  stimuli  to  about  the  same  extent),  whereas  the 
transgenic  mice  continued  to  show  a clear  preference  for  the 


novel  object.  At  the  1-week  recall  interval,  neither  group  of 
mice  remembered  the  original  stimulus.  Thus  enhancement 
of  NMDA  receptor  function  produced  a significant  improve- 
ment of  long-term  memory,  although  this  improvement  was 
gone  by  1 week  after  the  initial  stimulus  exposure. 

Genetic  manipulations  often  produce  multiple  behavioral 
and  physiological  effects,  some  of  which  may  be  undesirable. 
Indeed,  that  is  what  was  later  found  for  the  Doogie  mouse. 
NMDA  receptors  are  involved  in  many  functions  besides 
learning  and  memory,  one  of  which  is  pain  perception.  As  a 
result,  overexpression  of  the  NR2B  receptor  subunit  in  the 


Figure  7.8  Enhanced  memory  shown  by  Doogie  mice  in 
the  novel-object-recognition  task  The  graph  illustrates 
exploratory  preference  for  the  novel  object  measured  as  a per- 
centage of  the  total  exploration  time  that  was  spent  exploring 
the  novel  object  (a  50%  score  indicates  equal  exploration  of  the 
novel  and  familiar  objects).  Note  that  Doogie- 1 and  Doogie-2 
represent  two  different  strains  of  transgenic  mice,  which 
behaved  similarly  on  this  task.  (From  Tang  et  al.,  1 999.) 
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Doogie  mouse  caused  the  animals  to  have  increased  sensitiv- 
ity to  inflammation-related  pain  (Wei  et  al.,  2001).  Perhaps 
we  should  heed  the  tragic  lesson  of  Charly  in  the  book  Flow- 
ers for  Algernon,  that  altering  the  brain  may  carry  risks  in 
addition  to  the  potential  benefits. 

High  levels  of  glutamate  can  be  toxic 
to  nerve  cells 

Despite  the  vital  role  of  glutamate  in  normal  neural  and 
behavioral  functioning,  there  is  also  a dark  side  to  this  neu- 
rotransmitter system.  More  than  40  years  ago,  two  researchers 
published  a report  showing  retinal  damage  in  mice  following 
subcutaneous  injection  of  the  sodium  salt  of  glutamic  acid, 
monosodium  glutamate  (MSG)  (Lucas  and  Newhouse, 
1957).  Furthermore,  this  toxic  effect  of  glutamate  was  more 
severe  in  infant  than  in  adult  mice.  Twelve  years  later,  Olney 
(1969)  presented  the  first  evidence  that  MSG  also  produces 
brain  damage  in  young  mice.  As  shown  in  Figure  7.9A  and  B, 
one  of  the  injured  areas  was  a part  of  the  hypothalamus 
known  as  the  arcuate  nucleus.  The  arcuate  nucleus  plays  an 
important  role  in  controlling  the  endocrine  system.  Conse- 
quently, MSG-induced  damage  to  this  structure  produced 
devastating  effects  as  the  animals  matured,  including  stunted 
skeletal  growth,  extreme  obesity,  and  reproductive  abnormal- 
ities, particularly  in  the  female  subjects. 

Subsequent  research  showed  that  glutamate  could  lesion 
any  brain  area  of  adult  animals  when  injected  directly  into 
that  structure.  This  effect  was  shared  by  other  excitatory 
amino  acids,  including  kainate  and  NMDA,  and  the  damage 
was  shown  to  occur  at  postsynaptic  sites  but  not  at  nerve  ter- 
minals. These  and  other  findings  led  to  the  excitotoxicity 
hypothesis,  which  proposed  that  the  effects  produced  by 


excessive  exposure  to  glutamate  and  related  excitatory  amino 
acids  are  caused  by  a prolonged  depolarization  of  receptive 
neurons  that  in  some  way  leads  to  their  eventual  damage  or 
death.  Administration  of  an  excitatory  amino  acid  kills  nerve 
cells  but  spares  fibers  of  passage  (that  is,  axons  from  distant 
cells  that  are  merely  passing  through  the  lesioned  area).  Thus 
excitotoxic  lesions  are  more  selective  than  lesions  produced 
by  passing  electric  current  through  the  targeted  area  (which 
are  called  electrolytic  lesions),  since  the  latter  method  dam- 
ages both  cells  and  fibers  of  passage.  For  this  reason,  excito- 
toxic lesions  have  replaced  electrolytic  lesions  in  many 
research  applications. 

The  mechanisms  underlying  amino  acid  excitoxicity  have 
been  studied  primarily  using  cultured  nerve  cells.  In  such  tis- 
sue culture  models,  neuronal  cell  death  is  most  readily  trig- 
gered by  strong  activation  of  NMDA  receptors.  Nevertheless, 
non-NMDA  receptors  (AMPA  and/or  kainate  receptors)  may 
contribute  to  the  excitotoxic  effects  of  glutamate,  and  under 
certain  conditions  these  receptors  can  even  mediate  cell 
death  themselves  without  NMDA  receptor  involvement. 
When  both  NMDA  and  non-NMDA  receptors  are  subjected 
to  prolonged  stimulation  by  a high  concentration  of  gluta- 
mate, then  a large  percentage  of  the  cells  die  within  a few 
hours.  The  mode  of  cell  death  in  this  case  is  called  necrosis, 
which  is  characterized  by  lysis  (bursting)  of  the  cell  due  to 
osmotic  swelling  and  other  injurious  consequences  of  pro- 
longed glutamate  receptor  activation.  But  a different  pattern 
occurs  if  either  the  neurotransmitter  concentration  or  time 
of  exposure  is  significantly  reduced.  In  that  case,  the  osmot- 
ic swelling  is  temporary  and  the  cells  appear  to  return  to  a 
normal  state.  However,  there  may  be  a delayed  response  that 
emerges  over  the  succeeding  hours  and  that  is  characterized 
by  a gradual  disintegration  of  the  cells  and  their  eventual 


Figure  7.9  Damage  to  the  arcuate 
nucleus  following  administration 

of  MSG  (A)  The  arcuate  nucleus  of  the 
hypothalamus  of  an  untreated  10- 
day-old  mouse.  (B)  Damage  to  the 
arcuate  nucleus  is  revealed  by  the  loss 
of  cell  staining  in  a littermate  subject 
injected  6 hours  earlier  with  MSG. 
(From  Olney  et  al.,  1 976;  courtesy  of 
John  Olney.) 
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Figure  7.1 0 Cell  death  by  necrosis  versus  apoptosis 

During  the  initial  stages  of  necrosis  (A),  the  cell  swells  and  the 
membrane  forms  protrusions  called  blebs.  In  the  next  stage  (B), 
the  membrane  begins  to  break  up  and  release  the  contents  of 
the  cell  cytoplasm.  Finally,  the  cell  disintegrates  completely  (C). 
In  apoptotic  cell  death,  the  cell  also  blebs  (D),  but  instead  of 
swelling,  it  shrinks.  At  the  same  time,  the  chromatin  (genetic 
material)  condenses  within  the  cell  nucleus.The  cell  then  breaks 
up  into  smaller  pieces  (E)  that  are  subsequently  engulfed  and 
digested  by  phagocytes  (F). 


death.  This  delayed  excitotoxic  reaction  is  highly  dependent 
on  NMDA  receptor  activation,  since  it  can  be  elicited  by  the 
selective  application  of  NMDA  or  blocked  by  the  presence  of 
an  NMDA  receptor  antagonist  such  as  MK-801. 

In  contrast  to  the  necrotic  reaction,  which  occurs  rela- 
tively quickly,  the  later-appearing  type  of  cell  death  is  known 
as  apoptosis  (sometimes  also  called  programmed  cell 
death).  Apoptosis  involves  a complex  cascade  of  biochemi- 
cal events  that  leads  to  disruption  of  the  cell's  nucleus,  DNA 
breakup,  and  ultimately  cell  death.  One  of  the  differences 
between  necrosis  and  apoptosis  is  that  apoptotic  cells  do  not 
lyse  and  spill  their  contents  into  the  extracellular  space. 
Instead,  they  are  cleared  away  by  other  cells  in  a process 
called  phagocytosis  (Figure  7.10).  A significant  amount  of 


apoptosis  occurs  normally  during  fetal  brain  development, 
because  the  brain  generates  more  cells  than  will  be  needed 
later  on.  However,  under  the  right  conditions,  it  appears  that 
excitotoxic  treatments  can  also  activate  the  cell  death  pro- 
gram, thereby  leading  to  inappropriate  and  excessive  loss  of 
nerve  cells. 

Does  excitotoxicity  ever  occur  in  humans?  The  answer 
appears  to  be  yes.  The  most  well-established  example  of  exci- 
totoxic brain  damage  in  humans  is  the  damage  produced  by 
ingesting  large  amounts  of  an  excitatory  amino  acid  called 
domoic  add.  This  toxin  is  made  by  several  species  of  marine 
algae;  taken  up  and  concentrated  by  certain  shellfish,  crabs, 
and  fish;  and  passed  on  to  humans  who  eat  the  tainted  food. 
Domoic  acid  poisoning  first  came  to  the  attention  of  health 
officials  in  1987,  when  more  than  100  people  in  Prince 
Edward  Island,  Canada,  were  afflicted  after  consuming  blue 
mussels  contaminated  with  domoic  acid.  The  victims  devel- 
oped various  neurological  symptoms  such  as  headache, 
dizziness,  muscle  weakness,  mental  confusion,  and  in  some 
cases  a permanent  loss  of  short-term  memory.  Three  people 
died.  Since  then,  unsafe  levels  of  domoic  acid  in  seafood  have 
periodically  been  found  off  the  west  coast  of  the  United 
States  and  Canada.  Fortunately,  government  officials  have 
taken  appropriate  actions  to  minimize  the  danger  to  local 
residents.  But  because  it  is  impossible  to  prevent  all  wildlife 
from  being  exposed  to  the  toxin,  many  dolphins,  sea  lions, 
and  seabirds  have  become  ill  and  died  from  ingesting  domoic 
acid.  In  fact,  Alfred  Hitchcock  s film  The  Birds  is  reportedly 
based  on  a 1961  incident  in  the  town  of  Capitola,  California, 
in  which  domoic  acid-poisoned  seabirds  began  crashing  into 
pedestrians,  automobiles,  and  buildings.  In  reality,  the  birds 
were  not  attacking  the  town,  but  rather  had  become  weak 
and  disoriented  due  to  the  effects  of  the  toxin. 

Excitotoxic  brain  damage  is  also  believed  to  occur  in  peo- 
ple who  experience  brain  ischemia,  which  is  an  interruption 
of  blood  flow  to  the  brain.  Ischemia  can  result  from  either  a 
stroke  (focal  ischemia,  where  the  interruption  is  localized  to 
the  specific  region  of  the  stroke)  or  a heart  attack  (global 
ischemia,  where  blood  flow  to  the  entire  brain  is  interrupt- 
ed). One  consequence  of  ischemia  is  a massive  release  of  glu- 
tamate in  the  affected  area,  thereby  leading  to  prolonged 
NMDA  receptor  activation.  Many  animal  studies  have  found 
that  treatment  with  an  NMDA  receptor  antagonist  success- 
fully reduces  the  amount  of  ischemic  cell  loss,  particularly  in 
models  of  focal  ischemia.  Unfortunately,  human  clinical  tri- 
als with  the  same  drugs  have  thus  far  been  largely  disap- 
pointing. Compounds  that  appeared  promising  in  preclinical 
studies  failed  to  show  therapeutic  benefit  in  patients  and 
sometimes  led  to  severe  side  effects.  Indeed,  noncompetitive 
NMDA  receptor  antagonists  that  bind  to  the  PCP  site  within 
the  receptor  channel  can  produce  psychotic-like  symptoms 
in  people  (see  Chapter  14).  A more  promising  approach  may 
be  to  use  drugs  that  block  the  glycine  binding  site  on  the 
NMDA  receptor,  since  there  is  reason  to  believe  that  antago- 
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Figure  7.1 1 Neuroprotective  effects  of  the  NMDA  receptor  glycine-site 
antagonist  ACEA  1 021  in  a rat  model  of  ischemic  stroke  (A)  Rats  were  sub- 
jected to  permanent  focal  ischemia  by  disruption  of  blood  flow  through  the  mid- 
dle cerebral  artery  (MCA).  Animals  given  ACEA  1021  received  either  a low  dose  (a 
5-mg/kg  intravenous  injection  1 5 minutes  after  ischemia  onset  followed  by  a 6- 
hour  infusion  at  3.5  mg/kg/h)  or  a high  dose  (a  1 0-mg/kg  injection  followed  by  a 
7-mg/kg/h  infusion)  of  the  drug.  Controls  received  only  the  injection  vehicle.  Rats 
were  killed  24  hours  after  ischemia  onset,  their  brains  were  removed,  and  the  vol- 
ume of  infarcted  (stroke-damaged)  tissue  was  determined.Treatment  with  ACEA 
1 021  led  to  a dose-dependent  reduction  in  infarct  volume.  (B)  Functional  conse- 
quences of  ACEA  1 021  administration  were  assessed  using  a test  of  grip  strength. 
A 1-cm-diameter  rope  was  suspended  vertically  and  the  rats  were  tested  before 
and  24  hours  after  MCA  disruption  to  determine  how  long  they  were  able  to  cling 
to  the  rope  using  their  forepaws.  High-dose  treatment  with  ACEA  1 021  complete- 
ly protected  the  animals  from  ischemia-induced  deficits  on  this  task.  (After  Petty 
et  al.,2003.) 


nists  at  this  site  may  produce  fewer  side  effects  than  com- 
pounds targeting  other  parts  of  the  receptor.  For  example, 
one  recent  study  showed  that  treatment  with  the  glycine- site 
antagonist  ACEA  1021  reduced  both  the  observable  brain 
damage  and  the  resulting  behavioral  deficits  in  a rat  model 
of  ischemic  stroke  (Figure  7.11A  and  B;  Petty  et  al.,  2003). 
Future  studies  will  hopefully  show  that  such  drugs  produce  a 
clinical  benefit  when  given  to  stroke  patients. 

Section  Summary 

Glutamate  is  believed  to  be  the  workhorse  for  fast  excitatory 
signaling  in  the  nervous  system.  There  are  numerous  gluta- 
matergic  pathways  in  the  brain,  including  the  projections  of 
the  pyramidal  neurons  of  the  cerebral  cortex,  the  parallel 
fibers  of  the  cerebellar  cortex,  and  several  excitatory  path- 
ways within  the  hippocampus. 

AMPA,  kainate,  and  NMDA  receptors  constitute  the  three 
subtypes  of  ionotropic  glutamate  receptors.  Each  is  named 
for  an  agonist  that  is  relatively  selective  for  that  subtype.  All 
of  these  receptors  permit  Na+  ions  to  cross  the  cell  mem- 
brane, thereby  producing  membrane  depolarization  and  an 
excitatory  postsynaptic  response.  NMDA  receptors  also  con- 


duct Ca2+  ions  and  can  trigger  Ca2+-depend- 
ent  second-messenger  actions  within  the 
postsynaptic  cell. 

AMPA  and  kainate  receptors  possess  dif- 
ferent protein  subunits  that  give  them  some- 
what different  electrophysiological  and  phar- 
macological properties.  Behavioral  functions 
of  AMPA  receptors  have  been  revealed 
through  the  use  of  the  antagonist  NBQX. 
Administration  of  high  doses  of  this  com- 
pound to  rodents  leads  to  sedation,  ataxia, 
deficient  rotarod  performance,  and  protec- 
tion against  seizures,  indicating  an  involve- 
ment of  this  receptor  subtype  in  locomotor 
activity,  coordination,  and  brain  excitability. 

NMDA  receptors  are  distinct  from  the 
AMPA  and  kainate  receptor  subtypes  in  several 
ways  in  addition  to  the  difference  in  ionic  con- 
ductances. First,  the  opening  of  NMDA  recep- 
tor channels  requires  a co-agonist  in  addition 
to  glutamate.  This  co-agonist  may  be  either 
glycine  or  D-serine.  Second,  NMDA  receptors 
possess  a binding  site  for  Mg2+  ions  within  the 
receptor  channel.  When  the  cell  membrane  is 
at  the  resting  potential,  this  site  is  occupied  and 
the  channel  is  blocked  even  if  the  receptor  has 
been  activated  by  agonists.  However,  depolar- 
ization of  the  membrane  reduces  the  Mg2+ 
binding,  thus  allowing  the  channel  to  open. 
Consequently,  for  the  NMDA  receptor  to  func- 
tion, some  other  synaptic  input  must  excite  the  cell  at  the  same 
time  that  glutamate  and  glycine  or  D-serine  bind  to  the  receptor. 
Third,  NMDA  receptors  also  possess  a channel  binding  site  that 
recognizes  PCP,  ketamine,  and  MK-801.  These  compounds  act 
as  noncompetitive  antagonists  of  the  NMDA  receptor. 

There  are  also  eight  different  metabotropic  receptors  for 
glutamate,  designated  mGluRl-mGluR8.  These  G protein- 
coupled  receptors  typically  either  inhibit  cAMP  formation  or 
stimulate  the  phosphoinositide  second-messenger  system. 
Some  metabotropic  receptors,  those  that  are  sensitive  to  the 
selective  agonist  L-AP4,  function  as  presynaptic  autoreceptors 
to  inhibit  glutamate  release.  Furthermore,  mutant  mice  defi- 
cient in  mGluRl  show  reduced  locomotion,  ataxia,  poor 
coordination,  and  learning  deficits.  The  motor  abnormalities 
are  reversed  by  restoring  the  mGluRl  receptor  to  the  Purkin- 
je  cells  of  the  cerebellar  cortex. 

NMDA  receptors  are  believed  to  play  an  important  role 
in  learning  and  memory.  First,  NMDA  receptor  antagonists 
impair  the  acquisition  of  various  learning  tasks.  Second,  acti- 
vation of  this  receptor  is  necessary  for  the  induction  of  hip- 
pocampal LTP.  LTP  is  a process  of  synaptic  strengthening 
that  may  underlie  certain  types  of  learning.  Third,  Doogie 
mice  in  which  there  is  overexpression  of  one  of  the  NMDA 
receptor  subunits  exhibit  enhanced  LTP  and  improved  per- 
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formance  on  a fear  conditioning  task,  the  Morris  water  maze 
spatial  learning  task,  and  a novel-object-recognition  task. 

Excessive  exposure  to  glutamate  and  other  excitatory 
amino  acids  can  damage  or  even  kill  nerve  cells  through  a 
process  of  depolarization-induced  excitotoxicity.  This 
process  is  usually  mediated  primarily  by  NMDA  receptors, 
with  some  contribution  from  AMPA  and/or  kainate  recep- 
tors. One  type  of  excitotoxic  cell  death  occurs  via  necrosis, 
which  involves  cellular  swelling  and  eventual  lysis.  Alterna- 
tively, delayed  cell  death  may  occur  via  apoptosis,  which 
involves  disruption  of  the  cell  nucleus  and  breakdown  of 
DNA.  In  humans,  excitotoxic  cell  death  can  be  caused  by 
ingestion  of  food  contaminated  with  the  algal  toxin  domoic 
acid.  Excitotoxicity  is  also  thought  to  be  a major  contributo- 
ry factor  to  the  brain  damage  that  occurs  in  focal  ischemia 
(for  example,  stroke).  NMDA  receptor  antagonists  have 
proven  beneficial  in  treating  animal  models  of  focal 
ischemia,  but  human  trials  with  such  compounds  have  thus 
far  been  mostly  disappointing.  An  alternative  approach  that 
may  prove  more  beneficial  is  to  use  an  antagonist  at  the 
glycine  binding  site  on  the  NMDA  receptor. 


GABA 

Earlier  in  this  chapter  we  saw  that  glutamate  and,  to  a lesser 
extent,  aspartate  play  a dominant  role  in  fast  excitatory  trans- 
mission in  the  central  nervous  system  (CNS).  Inhibitory 
transmission  is  equally  important  in  behavioral  control 
mechanisms.  The  significance  of  neural  inhibition  is  evident 
from  the  fact  that  blocking  the  action  of  either  of  the  two 
major  inhibitory  amino  acid  transmitters  leads  to  convul- 
sions and  even  death.  These  two  transmitters  are  GABA  (y- 
aminobutyric  acid)  and  glycine.  The  remainder  of  this 
chapter  focuses  primarily  on  GABA,  which  is  the  more 
important  of  the  two  transmitters  in  the  brain/ 

GABA  Synthesis,  Release, and  Inactivation 

GABA  is  synthesized  by  the  enzyme  glutamic 
acid  decarboxylase 

Whereas  the  amino  acids  glutamate  and  aspartate  participate 
widely  in  cellular  metabolism,  including  protein  synthesis,  the 
only  function  of  GABA  is  to  serve  as  a neurotransmitter. 
Hence,  it  is  only  manufactured  by  GABAergic  neurons.  GABA 
is  synthesized  from  glutamate  in  a single  biochemical  step, 
which  is  catalyzed  by  the  enzyme  glutamic  acid  decarboxylase 
(GAD)  (Figure  7.12).  It  is  interesting  to  note  that  the  principal 
inhibitory  neurotransmitter  in  the  brain,  namely  GABA,  is 


* Although  glycinergic  neurons  are  present  in  the  brain,  their  role 
has  been  studied  more  extensively  in  the  spinal  cord. 
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Figure  7.1 2 GABA  is  synthesized  from  glutamate  by  the 
enzyme  glutamic  acid  decarboxylase  (GAD). 

made  from  the  principal  excitatory  transmitter,  glutamate. 
GAD  is  localized  specifically  to  GABAergic  neurons,  and  there- 
fore researchers  can  identify  such  neurons  by  staining  for  GAD. 

Several  drugs  are  known  to  block  GABA  synthesis,  includ- 
ing allylglycine,  thiosemicarbazide,  and  3-mercaptopropi- 
onic  acid.  As  noted  earlier,  a significant  reduction  in  GABA 
synthesis  leads  to  convulsions,  which  indicates  the  importance 
of  this  transmitter  in  regulating  brain  excitability.  On  the  other 
hand,  it  also  means  that  GAD  inhibitors  are  normally  used  to 
study  GABAergic  transmission  only  in  vitro,  not  in  vivo. 

Specific  transporter  proteins  are  used  to  trans- 
port GABA  into  synaptic  vesicles  and  nerve  ter- 
minals following  release 

Like  the  vesicular  transporters  that  take  up  glutamate  into 
synaptic  vesicles,  the  vesicular  GABA  transporter  (VGAT) 
was  discovered  fairly  recently.  Subsequent  studies  revealed  an 
interesting  and  unexpected  feature  of  this  protein,  namely 
that  it  is  also  found  in  neurons  that  use  glycine  as  a transmit- 
ter. Thus  the  same  transporter  is  used  to  load  either  GABA  or 
glycine  into  synaptic  vesicles.  This  situation  is  similar  to  the 
previously  discussed  example  of  VMAT,  the  vesicular 
monoamine  transporter,  which  is  responsible  for  vesicle  fill- 
ing of  three  different  neurotransmitters:  DA,  NE,  and  5-HT. 

Following  the  synaptic  release  of  GABA,  it  is  removed  from 
the  cleft  by  three  different  transporters  on  the  membranes  of 
nerve  cells  and  glia,  designated  GAT-1,  GAT-2,  and  GAT-3. 
GAT-1  and  GAT-2  seem  to  be  expressed  in  both  neurons  and 
astrocytes,  whereas  GAT-3  is  found  in  astrocytes  only.  GAT-1 
has  received  particular  attention  for  two  reasons.  First,  this 
transporter  has  been  found  at  the  nerve  terminals  of  GABAer- 
gic neurons,  and  therefore  it  is  likely  to  be  important  for 
GABA  reuptake  by  these  cells.  Second,  in  contrast  to  GAT-2 
and  GAT-3,  there  is  a selective  inhibitor  of  GAT- 1 available  for 
pharmacological  study.  Administration  of  this  compound, 
tiagabine,  elevates  extracellular  GABA  levels  and  enhances 
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Figure  7.1 3 Cycling  of  GABA  between  glutamatergic  neurons  and 
astrocytes  After  neurons  release  GABA,  it  can  be  transported  back  into  the 
nerve  terminal  by  GAT-1  or  transported  into  nearby  astrocytes  by  GAT-2  or  GAT- 
3.  Inside  the  cell,  GABA  is  metabolized  to  glutamate  and  succinate  by  GABA 
aminotransferase  (GABA-T).ln  the  case  of  astrocytes,  the  glutamate  is  converted 
into  glutamine  by  the  enzyme  glutamine  synthetase.The  glutamine  can  later  be 
released  by  the  astrocytes,  taken  up  by  neurons,  converted  back  into  glutamate 
by  the  enzyme  glutaminase,  and  finally  used  to  resynthesize  GABA. 


GABAergic  transmission  in  several  brain 
areas,  including  the  cortex  and  hippocampus. 

Based  on  the  fact  that  depleting  GABA  (for 
example,  by  blocking  GAD  activity)  causes 
seizures,  we  might  predict  that  tiagabine  pro- 
tects against  seizure  onset.  Indeed,  tiagabine 
was  licensed  in  1997  under  the  trade  name 
Gabitril  for  use  as  an  adjunctive  therapy  (an 
additional  treatment  given  along  with  more- 
standard  antiepileptic  drugs)  in  treatment- 
resistant  patients  with  partial  seizures 
(seizures  involving^only  part  of  the  body). 

Tiagabine  appears  to  be  clinically  beneficial  in 
this  role,  and  this  compound  is  also  being  test- 
ed as  a monotherapy  (single  treatment)  for 
certain  kinds  of  epilepsy. 

Whereas  the  immediate  inactivation  of 
GABA  in  the  synapse  occurs  through  a com- 
bination of  neuronal  and  astroglial  uptake, 
there  is  also  a cellular  mechanism  for  metab- 
olizing and  recycling  this  neurotransmitter. 

GABA  breakdown  occurs  through  several 
steps,  beginning  with  the  enzyme  GABA 
aminotransferase  (GABA-T)  and  leading 
eventually  to  the  final  product,  succinate.  It  is 
worth  noting  that  a by-product  of  this  meta- 
bolic pathway  is  the  formation  of  one  mole- 
cule of  glutamate  for  every  molecule  of 
GABA  that  is  broken  down.  GABA-T  is  found 
in  both  GABAergic  neurons  and  astrocytes. 

Hence,  in  the  GABAergic  neurons,  some  of 
the  glutamate  regenerated  by  the  action  of 
GABA-T  could  be  used  to  synthesize  more 
GABA.  Moreover,  some  of  the  glutamate  pro- 
duced by  GABA-T  in  astrocytes  could  be  con- 
verted to  glutamine  by  astrocytic  glutamine  synthetase,  and 
the  glutamine  could  subsequently  be  transported  to  the 
GABAergic  neurons  to  be  converted  back  to  glutamate  by  the 
enzyme  glutaminase  (Figure  7.13).  This  shows  that  the  meta- 
bolic interplay  between  neurons  and  glial  cells  discussed  ear- 
lier for  glutamate  is  equally  important  for  GABA. 

Vigabatrin  is  an  irreversible  inhibitor  of  GABA-T.  By  pre- 
venting GABA  metabolism,  administration  of  this  drug  leads 
to  a buildup  of  GABA  levels  in  the  brain.  By  now,  you  should 
be  able  to  predict  correctly  that  vigabatrin  has  anticonvulsant 
effects  in  animals  and  humans.  Like  tiagabine,  vigabatrin 
(trade  name  Sabril)  is  being  used  clinically  as  either  an 
adjunctive  treatment  or  as  the  primary  therapeutic  agent  for 
certain  types  of  epilepsy,  particularly  infantile  spasms  (repeat- 
ed generalized  seizures  in  young  infants).  However,  there  are 
a number  of  recent  reports  that  vigabatrin  use  can  lead  to  con- 
striction of  the  visual  field  in  both  adults  and  children.  Since 
there  are  GABAergic  interneurons  in  the  retina,  visual  abnor- 
malities could  be  related  to  drug  effects  on  these  cells.  In  light 


of  these  findings,  physicians  must  consider  the  risk-to-benefit 
ratio  when  considering  vigabatrin  treatment  of  epileptic  patients. 

Section  Summary 

GABA  is  the  major  inhibitory  amino  acid  neurotransmitter 
in  the  brain.  This  transmitter  is  synthesized  from  glutamate 
in  a single  biochemical  reaction  catalyzed  by  GAD,  an 
enzyme  found  only  in  GABAergic  neurons.  Because  of 
GABAs  widespread  inhibitory  effects  on  neuronal  excitabili- 
ty, treatment  with  drugs  that  inhibit  GABA  synthesis  by 
blocking  GAD  leads  to  seizures. 

GABA  is  taken  up  into  synaptic  vesicles  by  the  vesicular 
transporter  VGAT.  After  release  into  the  synaptic  cleft, 
GABA  is  removed  from  the  cleft  by  three  different  trans- 
porters designated  GAT-1,  GAT-2,  and  GAT-3.  Astrocytes 
express  all  three  of  these  transporters  and  therefore  must 
play  a significant  role  in  GABA  uptake.  GAT-1  is  also  found 
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in  GABAergic  neurons,  and  the  GAT- 1 inhibitor  tiagabine 
(Gabitril)  is  used  clinically  in  the  treatment  of  some  epilep- 
tic patients. 

In  addition  to  uptake,  the  other  process  that  regulates 
GABAergic  transmission  is  GABA  metabolism.  The  key 
enzyme  in  GABA  breakdown  is  GABA-T,  which  is  present  in 
both  GABAergic  neurons  and  astrocytes.  A by-product  of  the 
reaction  catalyzed  by  GABA-T  is  glutamate,  which  is  the  pre- 
cursor of  GABA.  Hence,  GABA  breakdown  either  in  neurons 
or  glial  cells  may  involve  a recycling  process  that  assists  in  the 
formation  of  new  GABA  molecules. 

Vigabatrin  (Sabril)  is  an  irreversible  inhibitor  of  GABA- 
T,  thereby  elevating  GABA  levels  in  the  brain.  Like  tiagabine, 
vigabatrin  has  been  licensed  for  treating  certain  types  of 
epilepsy.  However,  there  are  reports  that  repeated  vigabatrin 
use  can  lead  to  visual  system  abnormalities  in  adults  and 
children,  which  means  that  caution  should  be  exercised  in 
the  administration  of  this  compound  to  patients. 

Organization  and  Function 
of  the  GABAergic  System 

Some  GABAergic  neurons  are  interneurons, 
while  others  are  projection  neurons 

Fonnum  (1987)  has  estimated  that  as  many  as  10  to  40%  of 
the  nerve  terminals  in  the  cerebral  cortex,  hippocampus,  and 
substantia  nigra  use  GABA  as  their  neurotransmitter.  Even 
the  lower  range  of  this  estimate  indicates  that  a lot  of 
GABAergic  transmission  takes  place,  when  you  consider  the 
dozens  of  different  neurotransmitters  that  may  be  present 
within  a specific  brain  region.  In  addition  to  the  three  struc- 
tures just  mentioned,  other  brain  areas  rich  in  GABA  are  the 
cerebellum,  striatum,  globus  pallidus,  and  olfactory  bulbs. 

In  some  structures,  such  as  the  cortex  and  hippocampus, 
GABA  is  found  in  large  numbers  of  local  interneurons.  How- 
ever, there  are  also  GABAergic  projection  neurons  that  carry 
inhibitory  information  longer  distances  within  the  brain.  For 
example,  GABAergic  neurons  of  the  striatum  project  to  the 
globus  pallidus  and  the  substantia  nigra.  When  the  DA  input 
to  the  striatum  is  damaged  in  Parkinsons  disease,  the  result 
is  abnormal  firing  of  the  striatal  GABAergic  neurons,  which 
causes  the  motor  abnormalities  seen  in  this  neurological  dis- 
order (see  Chapter  5).  GABA  is  also  the  transmitter  used  by 
the  Purkinje  cells  of  the  cerebellar  cortex.  These  neurons, 
which  project  to  the  deep  cerebellar  nuclei  and  to  the  brain 
stem,  have  an  important  function  in  fine  muscle  control  and 
coordination.  This  is  illustrated  in  a rare  disorder  involving 
degeneration  of  the  cerebellar  Purkinje  cells.  Patients  suffer- 
ing from  this  disorder,  which  is  known  as  Holmes  cerebellar 
degeneration,  show  ataxia  when  walking,  impaired  fine  hand 
movements,  defective  speech,  and  tremors. 


The  actions  of  GABA  are  mediated  by  ionotropic 
GABAa  receptors  and  metabotropic  GABAb 
receptors 

Like  glutamate,  GABA  makes  use  of  both  ionotropic  and 
metabotropic  receptors.  However,  there  is  only  one  type  of 
each:  the  GABAa  receptor,  which  is  ionotropic,  and  the 
GABAB  receptor,  which  is  metabotropic.  Our  discussion  will 
concentrate  on  the  GABAa  receptor  because  of  its  prominent 
role  in  GABAergic  transmission  and  because  it  is  a crucial 
target  of  many  important  psychoactive  drugs. 

Structure  and  function  of  the  GABAa  receptor  GABAa 
receptors  are  ion  channels  that  permit  Cl"  ions  to  move 
across  the  cell  membrane  from  the  outside  to  the  inside.  This 
causes  inhibition  of  the  postsynaptic  cell  due  to  membrane 
hyperpolarization.  More  Cl-  ions  flow  through  open  GABAa 
receptor  channels  when  the  membrane  has  previously  been 
depolarized  by  excitatory  synaptic  inputs.  In  such  cases,  these 
receptors  function  to  blunt  the  depolarization  and  prevent 
the  cell  from  firing  an  action  potential. 

Structurally,  each  GABAa  receptor  contains  five  subunits. 
Three  or  four  different  kinds  of  subunits  may  be  found  with- 
in a particular  GABAa  receptor  complex.  These  different 
kinds  of  subunits  are  designated  with  the  Greek  letters  a,  (3, 
y,  and  8.  Most  GABAa  receptors  are  thought  to  contain  either 
(1)  two  a-subunits,  two  (3-subunits,  and  one  y-subunit  or  (2) 
two  a-subunits,  one  (3-subunit,  and  two  y-subunits.  A small 
number  of  receptors  contain  a 8-subunit  instead  of  y.  With 
this  information  in  mind,  the  likely  structure  of  a typical 
GABAa  receptor  is  illustrated  in  Figure  7.14. 

The  classic  agonist  for  the  GABAa  receptor  is  a drug 
called  muscimol.  This  compound  is  found  in  the  mushroom 
Amanita  muscaria  (Figure  7.15),  which  was  mentioned  in  the 
last  chapter  as  the  original  source  of  the  cholinergic  agonist 
muscarine.  In  earlier  times,  the  mushroom  would  apparent- 
ly be  chopped  up  and  placed  in  a dish  with  milk  to  attract 
flies.  Ingestion  of  muscimol  and  the  related  compound 
ibotenic  acid  would  make  the  flies  stuporous  and  easy  to 
catch.  The  common  name  for  A.  muscaria  is  therefore  “fly 
agaric”  ( agaric  is  an  old  term  meaning  ‘hnushroom”).  Rudg- 
ley  (1999)  discusses  the  custom  of  eating  fly  agaric,  which 
various  Siberian  peoples  have  practiced  for  hundreds  of 
years.  The  mushroom  was  prized  for  its  stimulatory  and  hal- 
lucinogenic qualities,  effects  that  can  also  be  obtained  by 
drinking  urine  from  an  intoxicated  individual  (not  a very 
appealing  idea  to  most  Westerners!)  A One  of  the  interesting 
kinds  of  hallucinatory  effects  produced  by  the  fly  agaric  is 


*Fly  agaric  intoxication  was  apparently  enjoyed  not  only  by  Siberi- 
ans but  by  their  reindeer  as  well.  Animals  were  observed  to  eat  the 
mushrooms  of  their  own  accord,  and  were  also  sometimes  given 
urine  to  drink  from  a person  who  had  previously  partaken. 
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Figure  7.14  The  GABAa  receptor  consists  of  five  subunits 
that  form  a chloride-conducting  channel.  In  addition  to  the 
GABA  binding  site  on  the  receptor  complex,  there  are  additional 
modulatory  sites  for  benzodiazepines,  barbiturates,  neuros- 
teroids, and  picrotoxin.  Note  that  the  locations  of  the  various 
binding  sites  are  depicted  arbitrarily  and  are  not  meant  to  imply 
the  actual  locations  of  these  sites  on  the  receptor. 


macroscopia,  which  refers  to  the  perception  of  objects  as 
being  larger  than  they  really  are.  When  administered  to 
humans  at  relatively  high  doses,  pure  muscimol  causes  an 
intoxication  characterized  by  hyperthermia  (elevated  body 
temperature),  pupil  dilation,  elevation  of  mood,  difficulties 
in  concentration,  anorexia  (loss  of  appetite),  ataxia,  catalep- 
sy, and  hallucinations.  Many  of  these  effects  are  similar  to 
those  associated  with  more-traditional  hallucinogenic  drugs 
such  as  LSD  (see  Chapter  14). 

Bicuculline  is  the  best-known  competitive  antagonist  for 
the  GABAa  receptor.  It  blocks  the  binding  of  GABA  to  the 
GABAa  receptor,  and  when  taken  systemically,  it  has  a potent 
convulsant  effect.  Pentylenetetrazol  (Metrazol)  and  picro- 
toxin are  two  other  convulsant  drugs  that  inhibit  GABAa 
receptor  function  by  acting  at  sites  distinct  from  the  binding 
site  of  GABA  itself.  Pentylenetetrazol  is  a synthetic  com- 
pound that  once  was  used  as  a convulsant  therapy  for  major 
depression.  Although  it  is  no  longer  used  for  that  purpose,  it 
still  has  value  for  the  induction  of  experimental  seizures  in 


Figure  7.1 5 The  fly  agaric  mushroom.  Amanita  muscaria 


laboratory  animals.  Picrotoxin  is  obtained  from  the  seeds  of 
the  East  Indian  shrub  Anirmirta  cocculus.  Since  neither 
pentylenetetrazol  nor  picrotoxin  blocks  GABA  from  inter- 
acting with  the  GABAa  receptor,  they  are  noncompetitive 
rather  than  competitive  receptor  antagonists. 

For  psychopharmacologists,  the  most  remarkable  proper- 
ty of  the  GABAa  receptor  is  its  sensitivity  to  certain  CNS- 
depressant  drugs  that  display  an  anxiolytic  (antianxiety), 
sedative-hypnotic  (sedating  and  sleep-inducing),  and  anti- 
convulsant profile.  Among  such  drugs  are  the  benzodi- 
azepines (BDZs)  and  the  barbiturates.  There  is  overwhelm- 
ing evidence  that  the  principal  mechanism  of  action  of  BDZs 
and  barbiturates  involves  potentiating  the  effects  of  GABA 
on  the  GABAa  receptor.  Ethanol  (drinking  alcohol)  is  anoth- 
er CNS-depressant  drug  that  has  many  of  the  same  proper- 
ties as  BDZs  and  barbiturates.  Although  the  actions  of 
ethanol  are  complex,  one  of  its  major  effects  is  likewise  to 
enhance  GABAa  receptor  activity. 

How  do  BDZs,  barbiturates,  and  ethanol  exert  their  influ- 
ence on  the  GABAa  receptor?  The  first  two  classes  of  drugs 
interact  with  sites  on  the  receptor  complex  that  are  distinct 
from  the  GABA  binding  site.  This  concept  is  illustrated  in 
Figure  7.14,  which  also  shows  the  presence  of  a modulatory 
site  for  picrotoxin  and  related  convulsant  drugs.  Details  of 
the  interaction  of  ethanol  with  the  GABAa  receptor  are  still 
being  worked  out.  The  pharmacology  of  ethanol  and  of  the 
BDZs  and  barbiturates  are  discussed  in  greater  detail  in 
Chapters  9 and  17.  However,  it  is  worth  noting  some  of  the 
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key  features  of  the  interactions  of  BDZs  with  the  GABAa 
receptor  before  concluding  this  section  of  the  chapter. 

The  recognition  site  for  BDZs  on  the  GABAa  receptor  com- 
plex is  considered  a bona  fide  BDZ  receptor,  since  these  drugs 
bind  directly  to  the  site,  and  such  binding  is  necessary  for  BDZs 
to  exert  their  behavioral  and  physiological  effects.  When  a BDZ 
such  as  diazepam  (trade  name  Valium)  binds  to  the  BDZ 
receptor,  it  increases  the  potency  of  GABA  to  open  the  receptor 
channel.  BDZs  cannot  activate  the  GABAa  receptor  by  them- 
selves; thus,  they  have  no  effect  in  the  absence  of  GABA. 

Diazepam  and  related  BDZs  are  agonists  at  the  BDZ 
receptor  on  the  GABAa  receptor  complex.  Researchers  have 
also  discovered  certain  compounds  that  modulate  the 


GABAa  receptor  in  the  opposite  direction  as  a BDZ  agonist. 
Such  compounds  have  been  termed  inverse  agonists  at  the 
BDZ  receptor.  If  a BDZ  agonist  enhances  the  effectiveness  of 
GABA  on  the  receptor,  then  a BDZ  inverse  agonist  reduces 
GABAs  effectiveness,  although  it  doesn’t  actually  block 
GABA  like  a GABA  receptor  antagonist.  Like  a BDZ  agonist, 
an  inverse  agonist  has  no  effect  in  the  absence  of  GABA.  The 
behavioral  profile  of  a BDZ  inverse  agonist  is  the  opposite  of 
that  seen  with  BDZ  agonists.  Consequently,  BDZ  inverse 
agonists  are  anxiogenic  (anxiety-producing),  arousing,  and 
proconvulsant  (seizure-promoting)  instead  of  anxiolytic, 
sedating,  and  anticonvulsant.  Finally,  let  us  think  about  what 
it  means  for  the  brain  to  have  a receptor  (that  is,  the  BDZ 
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Pharmacology  in  Action 


What  Is  the  Endogenous  Ligand  for  the 
Benzodiazepine  Receptor? 


Pharmacologists  sometimes  work  in 
seemingly  strange  ways.Traditionally, 
you  identify  a new  neurotransmitter 
and  then  search  for  the  receptors  for 
that  transmitter.  Sometimes,  however, 
a receptor  is  discovered  that  is  not 
responsive  to  any  known  neurotrans- 
mitter, hormone,  or  other  signaling 
agent.  Such  a receptor  is  termed  an 
orphan  receptor.  If  you  discover  one 
of  these,  then  you  need  to  work  "back- 
wards," in  that  you  must  try  to  find  the 
neurotransmitter  that  activates  your 
orphan  receptor. 

What  if  you  discover  a new  recep- 
tor by  virtue  of  its  sensitivity  to  either 
a plant-derived  substance  or  a syn- 
thetic drug?  As  an  example,  the  exis- 
tence of  opioid  receptors  was  hypoth- 
esized and  subsequently  proven 
based  on  the  behavioral  and  physio- 
logical effects  of  morphine,  a sub- 
stance found  only  in  the  opium 
poppy. The  same  reasoning  led  more 
recently  to  the  discovery  of  cannabi- 
noid  receptors,  which  are  activated  by 
the  psychoactive  substances  present 
in  cannabis  plants.  In  this  chapter,  we 
have  seen  that  there  are  BDZ  recep- 
tors in  the  brain  that  are  activated  by 
synthetic  drugs.  Is  it  possible  that  the 


brain  possesses  receptors  whose  sole 
function  is  to  respond  to  either  plant- 
derived  or  synthetic  compounds? 
Evolutionary  theory  argues  against 
such  a possibility. Consequently,  these 
receptors  must  have  arisen  in  the 
course  of  evolutionary  history  in  order 
to  serve  signaling  molecules  that  are 
made  in  our  own  brains  as  well  as  the 
brains  of  animals.  We  use  the  term 
endogenous  ligand  to  designate  the 
body's  own  signaling  molecule(s) 
used  to  activate  a receptor  that  was 
initially  discovered  because  of  its  sen- 
sitivity to  plant-derived  or  synthetic 
substances.  Endogenous  means 
"occurring  within  the  body,"  and  lig- 


and refers  to  any  compound  that 
binds  to  a receptor  (see  Chapter  1). 

As  shown  in  the  table,  endogenous 
ligands  have  been  discovered  for 
some  of  these  novel  receptors  but  not 
others.The  two  success  stories  involve 
the  discovery  of  endorphins  and 
enkephalins  as  endogenous  ligands 
for  opioid  receptors  (see  Chapter  10) 
and  the  later  discovery  of  anandamide 
as  an  endogenous  ligand  for  cannabi- 
noid  receptors  (see  Chapter  1 3). 
Receptors  for  which  the  endogenous 
ligand  has  still  not  been  conclusively 
identified  include  the  phencyclidine 
(PCP)  receptor  (as  mentioned  earlier, 
this  is  a site  within  the  NMDA  receptor 
channel)  and  the  BDZ  receptor. 

Although  there  is  still  uncertainty 
regarding  the  endogenous  ligand  for 
BDZ  receptors,  several  candidates 
have  been  proposed.  One  of  the 


Drugs,  Receptors,  and  Endogenous  Ligands  in  the  Brain 


Drug 

Source 

Receptor(s) 

Endogenous 

ligand(s) 

Morphine 

Opium  poppy 

Opioid  receptors 

Endorphins  and 
enkephalins 

Cannabinoids 

Cannabis  plant 

Cannabinoid 

receptors 

Anandamide 

Phencyclidine 

Synthetic 

PCP  receptor 

? 

BDZs 

Synthetic 

BDZ  receptor 

? 
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receptor)  that  responds  to  a class  of  synthetic  drugs*  rather 
than  one  of  the  brain’s  own  neurotransmitters.  This  last 
point  is  the  subject  of  Box  7.2. 

The  GABAa  receptor  is  additionally  modulated  by  a fam- 
ily of  substances  known  as  neurosteroids.  These  substances 
are  made  from  cholesterol  and  possess  a steroid  structure 
like  that  of  the  glucocorticoids  and  gonadal  steroids  (see 
Chapter  3).  However,  they  are  synthesized  in  the  brain 
(hence  the  term  neuros teroid)  and  they  are  thought  to  act  as 


*BDZs  were  developed  by  pharmaceutical  companies  and  do  not 
occur  naturally  in  the  Jbrain  except  perhaps  in  small  quantities 
(and  even  the  evidence  for  that  is  inconclusive). 


local  signaling  molecules  rather  than  as  hormones.  Allo- 
pregnanolone,  tetrahydrodeoxycorticosterone,  and  dehy- 
droepiandrosterone  (DHEA)  are  among  the  most  extensive- 
ly studied  neurosteroids.  Like  BDZ  agonists,  most 
neurosteroids  enhance  GABAa  receptor  function  and  pro- 
duce sedative-hypnotic  and  anxiolytic  effects  behaviorally. 
As  depicted  in  Figure  7.14,  though,  neurosteroids  seem  to 
interact  with  the  receptor  at  a site  other  than  the  BDZ  bind- 
ing site. 

Structure  and  function  of  the  GABAb  receptor  As  men- 
tioned earlier,  the  other  GABA  receptor  subtype  is  a 
metabotropic  receptor  termed  GABAfi.  GABAb  receptors 


BOX  7.2  (continued) 


major  contenders  is  a large  peptide 
called  diazepam  binding  inhibitor 
(DBI),  along  with  two  smaller  pep- 
tides (abbreviated  ODN  andTTN) 
derived  from  DBI.  DBI  was  isolated 
from  rat  brain  more  than  20  years  ago 
based  on  its  ability  to  inhibit 
diazepam  binding  to  the  BDZ  site  on 
the  GABAa  receptor  (Guidotti  et  al., 

1 983).  Subsequent  studies  showed 
that  DBI  is  present  in  both  neurons 
and  glial  cells  in  the  brains  of  many 
species,  including  humans  (Costa  and 
Guidotti,  1991;  Ferrero  et  al.,  1 986a).  It 
is  also  found  in  numerous  peripheral 
tissues  including  the  liver,  kidney,  and 
certain  endocrine  glands. 

The  behavioral  effects  of  DBI  and 
ODN  were  assessed  in  the  Vogel  con- 
flict test. This  test  involves  training 
thirsty  rats  to  drink  water  by  licking  a 


Diazepam  binding  inhibitor  has  a 
proconflict  effect  in  rats  Drinking 
behavior  by  water-deprived  rats  was 
measured  under  conditions  in  which  a 
0.25-mA  shock  was  delivered  through 
the  drinking  tube.  Intracerebroventricu- 
lar  administration  of  1 00  pg  of  DBI 
reduced  the  amount  of  punished  drink- 
ing, an  effect  that  was  largely  blocked 
by  the  benzodiazepine  receptor  antag- 
onist flumazenil  (1  mg/kg  intravenous- 
ly). (After  Guidotti  et  al.,  1 983.) 


metal  sippertube  and  then  giving 
them  a mild  shock  through  the  tube. 
The  degree  of  lick  suppression  is 
taken  as  a measure  of  the  conflict 
(anxiety)  produced  by  the  electric 
shock.  BDZs  produce  an  anticonflict 
effect  that  is  seen  as  an  increased 
amount  of  postshock  licking,  presum- 
ably due  to  their  enhancement  of 
GABAa  receptor  function.  In  contrast, 
because  BDZ  inverse  agonists  reduce 
GABAa  receptor  activity,  they  produce 
a proconflict  effect,  manifested  by 
decreased  licking  compared  to  con- 
trol animals.  Interestingly,  when  either 
DBI  or  ODN  was  administered  directly 
into  the  brains  of  rats,  a proconflict 
effect  was  observed  (Guidotti  et  al., 

1 983;  Ferrero  et  al.,  1 986b)  (see  figure). 
Moreover,  in  both  cases  this  effect  was 
blocked  by  treatment  with  flumazenil, 
a BDZ  receptor  antagonist.These  find- 


ings indicate  that  DBI  and  ODN  act  as 
inverse  agonists  at  the  BDZ  receptor. 
There  is  also  a report  that  ODN  is 
localized  together  with  GABA  in  cul- 
tured nerve  cells  and  that  the  two 
substances  are  released  together 
upon  stimulation  (Ferrarese  et  al., 

1 987).  However,  these  findings  have 
not  yet  been  replicated  by  other 
researchers.Thus,  while  the  DBI  story 
raises  intriguing  possibilities,  the 
physiological  role  of  this  family  of 
peptides  has  not  yet  been  established 
conclusively. 

Yet  another  line  of  research  has  led 
to  the  hypothesis  that  the  brain  con- 
tains small  nonpeptide  molecules 
that  have  BDZ-like  activity  on  GABAa 
receptors  (Rothstein  et  al.,  1 992)  and 
that  can  be  mapped  using  antibodies 
against  BDZs  (Sanchez  et  al.,  1991). 
These  substances  have  been  termed 
endozepines  (endogenous  benzodi- 
azepines), although  their  exact  chemi- 
cal identity  remains  uncertain.  It  is 
possible  that  our  level  of  anxiety  is 
controlled  in  a complex  way  by  the 
competing  effects  of  BDZ  inverse  ago- 
nists (DBI  and  ODN),  which  increase 
feelings  of  anxiety,  and  agonist  com- 
pounds (endozepines),  which  reduce 
such  feelings.  But  such  a scenario  is 
highly  speculative  at  the  present  time 
and  must  await  the  results  of  many 
more  studies  identifying  and  charac- 
terizing the  endogenous  ligands  of 
the  BDZ  receptor. 
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function  by  several  mechanisms,  including  inhibition  of 
cAMP  formation  and  stimulation  of  K+  channel  opening. 
Drugs  that  function  as  agonists  or  antagonists  at  GABAa 
receptors  have  no  effect  on  the  GABAb  receptor.  However, 
GABAb  receptors  can  be  activated  by  a selective  agonist 
called  baclofen  (Lioresal),  which  has  been  used  for  a number 
of  years  as  a muscle  relaxant  and  antispastic  agent. 

Section  Summary 

Many  brain  areas  are  rich  in  GABA,  including  the  cerebral 
cortex,  hippocampus,  substantia  nigra,  cerebellum,  striatum, 
globus  pallidus,  and  olfactory  bulbs.  GABAergic  neurons 
may  function  as  interneurons,  as  in  the  cortex  and  hip- 
pocampus, or  they  may  function  as  projection  neurons,  as  in 
pathways  originating  in  the  striatum  and  in  the  cerebellar 
Purkinje  cells. 

There  are  two  general  GABA  receptor  subtypes:  ionotrop- 
ic GABAa  receptors  and  metabotropic  GABAb  receptors. 
GABAa  receptors  conduct  Cl"  ions  into  the  postsynaptic  cell, 
causing  a membrane  hyperpolarization  and  an  inhibitory 
effect  on  cell  excitability.  Each  receptor  is  composed  of  five 
subunits,  usually  including  two  a-subunits,  two  ps,  and  one  y 
or  two  as,  one  p,  and  two  ys.  Muscimol  is  a GABAa  receptor 
agonist  derived  from  the  mushroom  Amanita  muscaria  (fly 
agaric).  Ingestion  of  this  mushroom  or  of  pure  muscimol 
causes  hallucinations  (including  macroscopia)  and  other 
behavioral  and  physiological  effects  similar  to  those  associ- 
ated with  LSD.  GABAa  receptor  antagonists  include  the  com- 
petitive antagonist  bicuculline  and  the  noncompetitive 
inhibitors  pentylenetetrazol  (Metrazol)  and  picro toxin,  all  of 
which  are  seizure-inducing. 


The  effects  of  GABA  on  the  GABAa  receptor  are 
enhanced  by  several  kinds  of  CNS-depressant  drugs,  such  as 
BDZs,  barbiturates,  and  ethanol.  With  respect  to  their  effects 
on  behavior,  these  compounds  display  anxiolytic,  seda- 
tive-hypnotic, and  anticonvulsant  properties.  BDZs  bind  to  a 
specific  site  on  the  GABAa  receptor  complex  that  is  consid- 
ered to  be  a BDZ  receptor.  Although  BDZs  amplify  the  effect 
of  GABA,  they  have  no  effect  on  GABAa  receptor  function 
in  the  absence  of  the  neurotransmitter.  Inverse  agonists  at  the 
BDZ  receptor  also  require  the  presence  of  GABA,  but  such 
compounds  reduce  instead  of  enhance  GABAs  effectiveness 
in  activating  the  GABAa  receptor.  BDZ  inverse  agonists  pro- 
duce the  opposite  behavioral  effects  as  BDZ  agonists,  name- 
ly anxiety,  arousal,  and  increased  susceptibility  to  seizures. 
Researchers  continue  to  search  for  an  endogenous  ligand  for 
the  BDZ  receptor. 

The  metabotropic  GABAb  receptors  function  by  inhibit- 
ing cAMP  formation  and  stimulating  K+  channel  opening. 
These  receptors  are  not  influenced  by  drugs  that  act  on  the 
GABAa  receptor,  but  they  can  be  activated  by  the  selective 
agonist  baclofen  (Lioresal),  a muscle  relaxant  and  antispas- 
tic agent. 

Recommended  Readings 

Ashton,  H.,  and  Young,  A.  H.  (2003).  GABA-Ergic  drugs:  Exit  stage  left, 
enter  stage  right.  /.  Psychopharmacol,  17, 174-178. 

Moghaddam,  B.  (ed.)  (2003).  Glutamate  and  disorders  of  cognition  and 
motivation.  Ann.  N.  Y.  Acad.  Sci.,  Vol.  1003. 

Sattler,  R.,  and  Tymianski,  M.  (2001).  Molecular  mechanisms  of  glutamate 
receptor- mediated  excitotoxic  neuronal  cell  death.  Mol.  Neurobiol.,  24, 
107-129. 

Squire,  L.  R.,  and  Kandel,  E.  R.  (1999).  Memory:  From  Mind  to  Molecules. 
Scientific  American  Library,  New  York. 


Introduction  to  Drug  Abuse  and  Addiction  1 86 

Drugs  of  abuse  are  widely  consumed  in  our  society  1 86 

Drug  use  in  our  society  has  increased  and  become  more  heavily  regulated  over  time  1 86 

Features  of  Drug  Abuse  and  Dependence  1 90 

Drug  addiction  is  a chronic,  relapsing  behavioral  disorder  1 90 

There  are  two  types  of  progressions  in  drug  use  1 91 

Which  drugs  are  the  most  addictive?  1 92 

Models  of  Drug  Abuse  and  Dependence  1 96 

The  physical  dependence  model  emphasizes  the  withdrawal  symptoms 
associated  with  drug  abstinence  1 96 

The  positive  reinforcement  model  is  based  on  the  rewarding  and  reinforcing 
effects  of  abused  drugs  1 98 

Two  recent  approaches  to  drug  addiction  are  the  incentive-sensitization 
and  opponent-process  models  202 

The  disease  model  treats  addiction  as  a medical  disorder  204 

Toward  a Comprehensive  Model  of  Drug  Abuse  and  Dependence  207 

Three  types  of  factors  are  involved  in  experimental  substance  use  207 

Different  factors  are  involved  in  the  development  and  maintenance  of 
compulsive  substance  use  208  ^ 


Drug  Abuse,  Dependence, 
and  Addiction 


The  problem  of  drug  abuse  and 
addiction  is  exemplified  by  a user 
snorting  a line  of  cocaine. 


)b  had  begun  drinking  at  the  age  of  12,  sneaking  beers  from  his  fam- 
y s refrigerator.  Thirty  years  later,  when  he  and  his  wife  Kathy  sought 
mnseling  for  their  marital  problems,  alcohol  had  come  to  dominate 
much  of  Bobs  life.  According  to  his  conversations  with  the  counselor,  his  drink- 
ing had  gotten  “really  bad”  after  his  marriage  and  the  birth  of  his  children. 

Around  that  time,  he  began  to  feel  trapped  in  an  undesirable  job 
because  of  the  needed  income.  In  addition,  the  demands  of  child  care 
caused  his  wife  to  pay  less  attention  to  him  than  before,  and  their 
sexual  relations  became  much  less  frequent. 

Bobs  response  to  these  problems  was  to  increase  his  drinking. 
Upon  returning  home  from  work,  he  would  have  “a  cocktail  or  two” 
before  dinner.  After  a while,  one  or  two  cocktails  became  three,  four, 
or  even  more.  Furthermore,  Bob  didn’t  want  to  be  bothered  with  the 
family’s  problems  until  he  was  “relaxed,”  meaning  intoxicated.  Unfor- 
tunately, the  combination  of  his  intoxication  and  feelings  of  guilt 
made  him  impatient  and  irritable  when  he  was  approached  by  family 
members.  Eventually,  Kathy  and  the  children  began  to  avoid  him 
much  of  the  time,  leading  their  own  lives  and  dealing  with  their 
problems  without  Bob’s  input. 

Bob’s  situation  at  work  was  also  deteriorating.  At  lunchtime,  he 
frequently  went  out  to  a nearby  bar  for  a sandwich  and  cocktails 
instead  of  joining  his  coworkers  at  the  company  cafeteria.  He  got 
away  with  this  for  a while,  but  finally  his  boss  smelled  liquor  on  his 
breath.  Although  he  wasn’t  fired,  his  performance  evaluations  began 
to  suffer  and  he  received  a stern  warning  that  another  incident  of 
drinking  during  working  hours  would  lead  to  disciplinary  action. 

By  the  time  Bob  and  Kathy  went  to  the  counselor  after  20  years  of 
marriage,  Bob’s  life  was  a mess.  Despite  attempts  to  control  his  habit, 
he  was  continuing  to  drink  daily  and  had  developed  a powerful  toler- 
ance to  alcohol.  His  marriage  was  in  crisis.  His  job  was  in  jeopardy.  He 
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was  two  years  behind  on  his  income  tax  returns  and  was  in 
debt  to  the  government  for  several  thousand  dollars.  Accord- 
ing to  Kathy,  their  house  was  in  danger  of  falling  apart  due 
to  numerous  repair  projects  that  Bob  had  promised  to  carry 
out  but  had  never  done.  Their  son,  who  was  a freshman  in 
college,  was  failing  half  his  courses.  Their  younger  daughter 
“hated”  Bob,  and  her  main  interactions  with  him  were  either 
to  fight  or  to  ridicule  him. 

The  above  is  an  actual  case  study  presented  by  Joseph 
Nowinski  (1996)  in  a discussion  of  12-step  recovery  from 
drug  addiction.  It  dramatically  illustrates  what  we  might  call 
the  “paradox”  of  addiction.  That  is,  how  can  a person  develop 
and  maintain  a pattern  of  behavior  (in  this  case,  repeated, 
heavy  alcohol  consumption)  that  is  so  obviously  destructive 
to  the  individuals  life?  No  one  has  a complete  explanation  of 
this  paradox,  but  a variety  of  model  theories  have  been  pro- 
posed. The  aim  of  this  chapter  is  to  introduce  you  to  several 
facets  of  this  intriguing  problem.  We  first  consider  the  dis- 
covery and  use  of  psychoactive  drugs  in  early  times,  the  his- 
tory of  drug  laws  in  the  United  States,  and  the  definition  and 
characteristics  of  addiction.  Later  parts  of  the  chapter  survey 
and  critique  several  classical  and  contemporary  models  of 
addiction.  Treatment  approaches  for  addiction  are  presented 
in  subsequent  chapters  covering  specific  drugs  of  abuse. 

Introduction  to  Drug  Abuse  and  Addiction 

Drugs  of  abuse  are  widely  consumed 
in  our  society 

Each  year,  the  Substance  Abuse  and  Mental  Health  Services 
Administration  conducts  a National  Survey  on  Drug  Use  and 
Health,  which  estimates  the  prevalence  and  incidence  of  drug 
use  among  civilians  12  years  of  age  and  older.  According  to  the 
2002  survey,  approximately  19.5  million  Americans  (8.3%  of 
the  population)  were  current  users  of  at  least  one  illicit  drug  at 
that  time.  As  shown  in  Figure  8.1  A,  more  than  50%  of  these 
illicit  drug  users  confined  their  use  to  marijuana.  Figure  8. IB 
illustrates  that  the  incidence  of  illicit  drug  use  peaks  between 
the  ages  of  16  and  25  years  and  declines  slowly  thereafter.  Not 
surprisingly,  legal  drugs  such  as  tobacco  and  alcohol  are  con- 
sumed even  more  widely  than  illicit  substances.  The  2002  sur- 
vey estimated  that  more  than  71  million  Americans  were  cur- 
rent tobacco  users  (mostly  cigarette  smokers),  120  million 
drank  alcohol,  and  of  the  latter,  almost  16  million  were  heavy 
drinkers  (defined  as  consuming  5 or  more  drinks  at  one  time 

Figure  8.1  Data  on  illicit  drug  use  in  the  United  States  from 
the  2002  National  Survey  on  Drug  Use  and  Health.  (A)  shows 
the  percentage  of  drug  users  who  were  taking  marijuana  alone, 
marijuana  and  at  least  one  other  illicit  substance,  or  only  illicit 
substances  other  than  marijuana  at  the  time  of  the  survey.  (B) 
depicts  the  age  distribution  of  illicit  drug  users. 


on  5 or  more  days  within  a single  month).  How  did  we  reach  a 
state  where  psychoactive  drug  use  and  abuse  are  so  prevalent? 

Drug  use  in  our  society  has  increased  and 
become  more  heavily  regulated  over  time 

Historical  trends  Psychoactive  drugs  have  been  a part  of 
human  culture  since  antiquity.  Many  psychoactive  sub- 
stances such  as  nicotine,  caffeine,  morphine,  cocaine,  and 
tetrahydrocannabinol  are  made  by  plants  and  were  available 
to  ancient  peoples  in  their  native  forms.  Likewise,  alcohol  is  a 
naturally  occurring  product  of  sugar  fermentation  by  yeast. 
In  his  1989  book  Intoxication:  Life  in  Pursuit  of  Artificial  Par- 
adise, Ronald  Siegel  presents  many  anecdotal  accounts  of 
wild  animals  becoming  intoxicated  after  eating  drug-con- 
taining plants.  He  goes  on  to  suggest  that  early  societies  may 
have  come  to  identify  the  pharmacological  properties  of  such 
plants  after  first  observing  the  behaviors  of  these  intoxicat- 
ed animals.  More  historical  information  on  individual 
abused  drugs  is  covered  in  later  chapters.  Here,  we  will  focus 
on  the  history  of  drug  use  and  cultural  attitudes  in  the  Unit- 
ed States  over  the  past  200  years. 


(A) 


(B) 
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Compared  to  the  wide  variety  of  psy- 
choactive drugs  available  (legally  or  illegal- 
ly) to  twenty- first- century  Americans,  the 
situation  was  quite  different  200  years  ago. 

Alcohol  and  caffeine  were  widely  used,  and 
although  the  modern  cigarette  had  not  yet 
been  invented,  tobacco  chewing  was  becom- 
ing increasingly  popular  within  a large  seg- 
ment of  the  male  population.  Opium,  either 
alone  or  in  the  form  of  laudanum  (opium 
extract  in  alcohol),  was  available  for  the  pur- 
pose of  pain  relief.  On  the  other  hand,  there 
was  no  cocaine,  heroin,  marijuana,  MDMA 
(“Ecstasy”),  methamphetamine,  barbitu- 
rates, LSD,  or  PCP.  There  were  also  few  drug 
control  laws,  and  especially  none  at  the  fed- 
eral level. 

As  time  went  on,  however,  a number  of  events  and  cul- 
tural trends  occurred  that  set  us  on  the  path  to  where  we  are 
today.  First,  the  alcohol  temperance  movement  started  gain- 
ing strength.  The  founding  of  this  movement,  which  pro- 
moted abstention  from  hard  liquor  in  favor  of  moderate  beer 
or  wine  consumption,  is  generally  credited  to  a highly 
regarded  Philadelphia  physician  named  Benjamin  Rush. 
Rush  not  only  identified  a number  of  adverse  physiological 
consequences  of  excessive  drinking,  he  also  argued  that  such 
consumption  impaired  the  drinker  s moral  faculty,  leading 
to  irresponsible  and  even  criminal  acts.  Although  the  tem- 
perance movement  reached  its  height  in  the  failed  twentieth- 
century  attempt  at  complete  alcohol  prohibition  (except  for 
“medicinal”  use),  its  aftermath  still  colors  the  attitudes  of 
many  people  toward  the  problem  of  alcohol  and  drug  abuse. 
In  particular,  the  equating  of  drug  use  with  criminal  behav- 
ior can  be  seen  in  the  “War  on  Drugs”  that  has  pervaded  our 
society  for  so  many  years. 

Second,  advances  in  chemistry  during  the  nineteenth  cen- 
tury made  it  possible  to  purify  the  primary  active  ingredient 
of  opium,  namely  morphine,  and  then  later  the  active  ingre- 
dient of  coca,  which  of  course  is  cocaine.  This  allowed  the 
drugs  to  be  taken  in  much  more  concentrated  form,  increas- 
ing their  addictive  potential.  But  since  the  route  of  adminis- 
tration is  also  important,  an  equally  significant  event  was  the 
development  of  the  hypodermic  syringe  in  1858  (Figure  8.2), 
which  permitted  the  purified  substances  to  be  injected  direct- 
ly into  the  bloodstream.  One  consequence  of  this  marriage  of 
purified  drug  and  improved  delivery  vehicle  was  the  wide- 
spread use  of  morphine  to  treat  wounded  and  ill  soldiers  dur- 
ing the  Civil  War.  Many  developed  an  opiate  addiction,  which 
was  called  “soldier  s disease”  in  the  common  parlance. 

Third,  the  increasing  availability  of  purified  drugs  com- 
bined with  the  lack  of  drug  control  laws  led  to  a growing  use  of 
these  substances  in  many  different  forms.  Cocaine  was  the 
major  ingredient  in  a variety  of  tonics  and  patent  medicines 


sold  over-the-counter.  The  most  notorious  of  these  was  Vin 
Mariani,  which  was  made  by  the  French  chemist  Angelo  Mar- 
iani  by  soaking  coca  leaves  in  wine  along  with  spices  and  other 
flavorings.  Heroin  was  synthesized  by  the  Bayer  Laboratories 
in  1874  and  first  marketed  14  years  later  as  a nonaddicting  (!) 
substitute  for  codeine.  If  you  ve  ever  had  a severe  cough,  the 
doctor  probably  prescribed  a codeine-containing  cough  syrup. 
At  the  turn  of  the  twentieth  century,  you  could  purchase  hero- 
in-containing cough  syrup  at  any  neighborhood  pharmacy 
without  a prescription  (Figure  8.3).  It  does  not  surprise  us 


Figure  8.3  An  early  ad  for  heroin-containing  cough  syrup 


Figure  8.2  An  early  hypodermic  syringe  and  needle  used  in  the  1 870s 

(From  Morgan,  1981;  original  photograph  from  H.H.  Kane,  The  Hypodermic  Injection 
of  Morphia,  1 880,  p.  21 .) 
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TABLE  8.1  History  of  Federal  Drug  Legislation  in  the  United  States 


Name  of  law 

Year 

enacted 

Purpose 

Pure  Food  and  Drug  Act 

1906 

Regulated  labeling  of  patent  medicines  and 
created  the  FDA 

Harrison  Act 

1914 

Regulated  dispensing  and  use  of  opioid  drugs 
and  cocaine 

Eighteenth  Constitutional 
Amendment  (Prohibition) 

1920 

Banned  alcohol  sales  except  for  medicinal  use 
(repealed  in  1933) 

Marijuana  Tax  Act 

1937 

Banned  nonmedical  use  of  cannabis 
(overturned  by  U.S.  Supreme  Court  in  1969) 

Controlled  Substances  Act 

1970 

Established  the  schedule  of  controlled 
substances  and  created  the  DEA 

now  that  the  ready  availability  of 
these  substances  led  many  people  to 
become  dependent  on  them. 

The  last  factor  that  we  wish  to 
mention  here  is  the  medicalization 
of  drug  addiction  that  occurred  pri- 
marily in  the  second  half  of  the 
twentieth  century.  The  medicaliza- 
tion of  addiction  had  two  compo- 
nents: that  addiction  was  now 
thought  of  as  a disease  and  that 
drug  addicts  should  be  treated  by 
the  medical  establishment.  We  can 
trace  the  origin  of  these  views  to  the 
American  Association  for  the  Cure 
of  Inebriates,  an  organization  founded  in  1870  that  stated 
that  inebriety  (excessive  drinking)  was  a disease  and  pro- 
posed that  inebriates  (alcoholics)  be  admitted  to  hospitals 
and  sanitaria  for  help.  However,  this  medical  approach  to 
alcoholism  and  drug  abuse  later  faded  and  was  not  seriously 
revived  until  the  early  1950s,  when  alcoholism  was  declared  a 
disease  first  by  the  World  Health  Organization  and  subse- 
quently by  the  American  Medical  Association.  Alcoholics 
Anonymous  (AA),  which  embraces  many  aspects  of  the  dis- 
ease model  of  alcoholism,  was  also  gaining  prominence  dur- 
ing this  period.  The  disease  model  of  drug  addiction  contin- 
ues to  be  strongly  promoted  by  the  treatment  community,  by 
self-help  groups  such  as  AA  and  Narcotics  Anonymous,  and 
by  much  of  the  research  establishment  (including  the 
National  Institute  on  Drug  Abuse,  an  agency  of  the  National 
Institutes  of  Health).  It  is  also  the  view  most  widely  accepted 
by  the  lay  public.  On  the  other  hand,  this  model  has  also 
been  the  subject  of  some  criticism,  as  we  shall  see  later  in  the 
chapter. 

Drugs  and  the  law  Since  1980,  the  United  States  has  wit- 
nessed the  introduction  of  “crack”  cocaine,  the  increased 
potency  of  heroin  and  marijuana  sold  on  the  street,  an 
upsurge  in  methamphetamine  use,  and  the  rise  of  so-called 
club  drugs  such  as  MDMA  and  GHB.  Although  these  devel- 
opments led  to  the  establishment  and  continuation  of  our 
government  s “War  on  Drugs,”  illicit  drug  use  continues  on  a 
massive  scale  despite  the  best  efforts  of  the  drug  warriors.  At 
the  federal  level,  the  current  political  climate  is  strongly  against 
any  consideration  of  legalization  or  even  decriminalization  of 
any  currently  illegal  drugs,  including  marijuana.  Indeed,  when 
Dr.  Joycelyn  Elders,  President  Bill  Clinton  s first  Surgeon  Gen- 
eral, innocently  mentioned  in  December  1993  that  perhaps  the 
issue  of  drug  legalization  should  at  least  be  openly  discussed,  it 
led  to  a tremendous  public  outcry  and  an  immediate  retrac- 
tion by  the  Clinton  administration.  A year  later,  Dr.  Elders  was 
fired.  Although  she  had  made  other  controversial  remarks 
before  her  dismissal,  no  one  doubted  that  her  first  misstep  was 
to  bring  up  the  notion  of  drug  legalization. 


Given  the  recent  history  of  drug  politics  in  the  United 
States,  it  is  easy  to  forget  that  things  were  not  always  this  way. 
As  discussed  earlier,  by  the  beginning  of  the  twentieth  cen- 
tury, there  was  widespread  use  of  cocaine,  opium,  and  hero- 
in in  over-the-counter  or  patent  medicines.  In  the  absence  of 
any  federal  regulations  governing  the  marketing,  distribu- 
tion, or  purchase  of  these  preparations,  sales  increased  from 
$3.5  million  in  1859  to  $74  million  in  1904  (Hollinger,  1995). 
Over  time,  however,  the  federal  government  became  increas- 
ingly involved  in  controlling  the  commercialization  of  drugs 
(Table  8.1).  This  involvement  began  with  an  initial  concern 
about  the  quality  and  purity  of  both  medications  and  food, 
which  led  to  the  passage  in  1906  of  the  Pure  Food  and  Drug 
Act.  The  new  law  mandated  the  accurate  labeling  of  patent 
medicines  so  that  the  consumer  would  be  aware  of  the  pres- 
ence of  alcohol,  cocaine,  opiates,  or  marijuana  in  such  prod- 
ucts. It  also  created  the  Food  and  Drug  Administration 
(FDA),  which  is  charged  with  assessing  the  potential  hazards 
and  benefits  of  new  medications  and  with  licensing  their  use. 
The  Pure  Food  and  Drug  Act  was  clearly  an  educational 
approach  to  the  drug  problem,  since  the  law  did  not  make 
any  of  the  above-mentioned  substances  illegal  to  sell  or  use. 

Around  the  same  time  that  drug  labeling  and  purity  were 
under  discussion,  there  was  a growing  concern  over  the  bur- 
geoning problem  of  drug  abuse  and  dependency.  For  exam- 
ple, importation  of  opium  grew  rapidly  between  1870  and 
1900.  Rightly  or  wrongly,  opium  smoking  had  become  associ- 
ated with  Chinese  laborers  who  had  immigrated  to  the  United 
States  following  the  Civil  War  to  work  on  the  railroads.  Mean- 
while, China  itself  began  a vigorous  campaign  against  opium, 
viewing  it  as  symbol  of  Western  imperialism/  These  events 


*In  the  eighteenth  and  nineteenth  centuries,  England  profited  enor- 
mously from  Chinese  purchase  of  opium  obtained  through  the 
British  colony  in  India.  The  Opium  Wars  of  the  mid- 1800s  at  least 
partially  revolved  around  the  desire  of  Western  powers  to  maintain 
this  lucrative  drug  trade  against  China  s wishes.  Although  the  Unit- 
ed States  was  not  a participant  in  the  wars,  it  benefited  from  favor- 
able trade  agreements  negotiated  after  the  conclusion  of  hostilities. 
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culminated  in  the  convening  of  the  first  International  Opium 
Conference  in  191 1,  where  participating  countries  each  agreed 
to  enact  their  own  legislation  restricting  narcotic  drug  use 
except  for  legitimate  medical  purposes. 

It  took  the  United  States  several  more  years  for  its  anti- 
narcotic  law  to  pass,  the  Harrison  Act  of  1914.  A major  rea- 
son for  the  delay  was  lobbying  by  drug  and  patent  medicine 
manufacturers  who  objected  to  the  initial  wording  of  the  bill. 
The  Act  was  designed  to  regulate  the  dispensing  and  use  of 
opiates  (opium  and  its  derivatives  such  as  morphine)  and 
cocaine  by  means  of  the  following  provisions: 

1.  Use  of  these  substances  for  nonmedical  purposes  was 
prohibited. 

2.  Pharmacists  and  physicians  were  required  to  register 
with  the  Treasury  Department  and  to  keep  records  of 
their  inventory  of  narcotics. 

3.  Retail  sellers  of  narcotics  and  practicing  physicians  had 
to  pay  a yearly  $1  tax  to  the  federal  government. 

4.  Patent  medicines  containing  small  amounts  of  opium, 
morphine,  heroin,  or  cocaine  remained  legal  and  could 
continue  to  be  sold  by  mail  order  or  in  retail  establish- 
ments. 

Because  of  the  third  and  fourth  provisions,  we  can  see  that 
the  principal  aims  of  the  Harrison  Act  were  to  control  rather 
than  abolish  the  use  of  opiates  and  cocaine  and  to  link  nar- 
cotic use  with  government  revenue  through  taxation  (it’s 
worth  noting  that  during  the  Prohibition  era,  the  federal 
government  finally  managed  to  convict  the  notorious  gang- 
ster Al  Capone  not  on  alcohol  trafficking  per  se,  but  rather 
on  tax  evasion!). 

Many  physicians  had  previously  been  providing  mainte- 
nance doses  of  opiates  or  cocaine  to  patients  who  were 
addicted  to  these  substances.  However,  because  addiction 
was  not  considered  a disease  by  government  authorities  at 
that  time,  one  immediate  effect  of  the  Harrison  Act  was  to 
cut  addicts  off  from  this  source  of  drugs.  The  consequences 
are  easily  predicted.  Addicts  were  forced  to  turn  to  street 
dealers  and  the  prices  skyrocketed.  According  to  Hollinger 
(1995),  the  cost  of  heroin  increased  from  $6.50  per  ounce  to 
roughly  $100  (a  huge  sum  in  the  early  1900s).  People  who 
could  not  afford  to  pay  these  prices  were  forced  into  absti- 
nence and  withdrawal.  One  result  of  these  events  was  the 
establishment  of  many  municipal  clinics  to  treat  drug 
addicts.  The  clinic  in  New  York  City  registered  approximate- 
ly 7700  patients  between  April  1919  and  March  1920  (Mor- 
gan, 1981).  Unfortunately,  these  clinics  failed  to  solve  the 
problem,  since  most  addicts  went  back  to  using  street  drugs 
soon  after  their  treatment,  and  illegal  drug  sales  continued 
to  flourish. 

The  Harrison  Act  did  not  regulate  the  use  of  alcohol, 
which  had  nevertheless  been  a major  social  problem  in  the 


United  States  for  many  years.  As  a consequence  of  increasing 
support  for  the  alcohol  temperance  movement  mentioned 
previously,  the  Eighteenth  Amendment  to  the  Constitution 
went  into  effect  in  1920.  The  new  Prohibition  law  banned  the 
dispensing  of  any  beverage  with  an  alcohol  content  greater 
than  0.5  % ( 1/10  the  typical  alcohol  content  of  regular  beer) 
except  by  physicians  for  medicinal  purposes.  Once  again,  the 
consequences  were  disastrous.  Speakeasies  (establishments 
where  alcohol  was  sold  illegally)  sprang  up  everywhere,  and 
the  organized  crime  movement  really  took  off  during  this 
period.  The  experiment  in  Prohibition  finally  ended  in  1933. 

Cannabis  was  another  substance  disregarded  by  the  Harri- 
son Act.  The  practice  of  marijuana  smoking  was  initially  asso- 
ciated with  Mexican  immigrants  who  entered  the  United 
States  in  the  early  1900s.  After  World  War  I,  public  opposition 
to  marijuana  grew,  and  eventually  numerous  state  laws  were 
passed  against  its  possession  or  sale.  The  federal  government 
subsequently  entered  the  picture  with  the  passage  of  the  Mar- 
ijuana Tax  Act  of  1937.  This  law  was  similar  to  the  Harrison 
Act  in  banning  nonmedical  use  of  cannabis  and  levying  a tax 
on  importers,  sellers,  and  dispensers  of  marijuana. 

The  Marijuana  Tax  Act  was  declared  unconstitutional  and 
overturned  by  the  United  States  Supreme  Court  in  1969.  But 
in  the  very  next  year,  the  federal  government  passed  a much 
broader  law  meant  to  apply  to  all  potentially  addictive  sub- 
stances. This  was  the  Comprehensive  Drug  Abuse  Prevention 
and  Control  Act  (sometimes  called  the  Controlled  Sub- 
stances Act  [CSA])  of  1970.  The  CSA  replaced  or  updated 
virtually  all  previous  federal  legislation  concerning  narcotic 
drugs  and  other  substances  thought  to  have  abuse  or  addic- 
tion potential.  Among  other  provisions,  the  CSA  established 
five  schedules  of  controlled  substances,  which  are  discussed 
later  in  this  chapter.  It  also  created  the  Drug  Enforcement 
Agency  (DEA),  which  was  charged  with  enforcement  of  the 
CSA.  Although  this  law  has  been  revised  several  times  since 
its  inception,  it  remains  the  cornerstone  of  federal  drug  con- 
trol legislation.  Moreover,  many  states  have  adopted  the  Uni- 
form Controlled  Substances  Act,  a model  drug  control  law 
patterned  after  the  CSA. 

Several  conclusions  emerge  from  this  brief  survey  of  the 
history  of  federal  drug  laws.  The  first  is  that  each  time  the 
federal  government  became  more  involved  in  drug  regula- 
tion, the  action  resulted  from  increases  in  drug  use  and/or 
perceived  societal  dangers  posed  by  such  use.  Those  who 
wish  to  make  drug  laws  more  lenient  must  start  by  changing 
such  antidrug  perceptions.  The  second  conclusion  is  that 
existing  laws  are  not  entirely  consistent  with  available  med- 
ical and  scientific  evidence.  For  example,  we  will  see  later  that 
nicotine  (obtained  via  tobacco)  is  more  addictive  than  mar- 
ijuana by  all  established  criteria,  yet  tobacco  smoking  is  legal 
whereas  marijuana  smoking  is  not.  A final  conclusion  is  that 
legal  mechanisms  have  only  limited  effectiveness  in  prevent- 
ing drug  use.  This  is  most  obvious  in  the  events  that 
occurred  during  Prohibition,  as  well  as  the  current  wide- 
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spread  use  of  marijuana.  We  acknowledge  that  cocaine  and 
heroin  use  would  almost  certainly  be  greater  than  it  is  now 
if  those  substances  were  legal.  But  millions  of  people  have  lit- 
tle trouble  obtaining  cocaine,  heroin,  or  any  other  illicit  drug 
they  desire.  Many  would  argue  that  a more  important 
restraint  on  drug  use  is  the  individuals  own  concerns  that  a 
particular  substance  might  harm  her  health,  jeopardize  other 
important  goals  or  values,  or  put  her  at  risk  for  becoming 
addicted  to  that  substance. 

Features  of  Drug  Abuse  and  Dependence 

Drug  addiction  is  a chronic,  relapsing 
behavioral  disorder 

Before  proceeding  further,  try  writing  down  your  definition 
of  drug  addiction  in  one  or  two  sentences.  Were  you  easily 
able  to  come  up  with  a satisfactory  definition?  If  not,  don’t  be 
concerned,  because  addiction  is  not  a simple  concept.  This 
problem  was  highlighted  by  Burglass  and  Shaffer  (1984)  in 
the  following  (not  entirely  frivolous)  description  of  addiction: 
“Certain  individuals  use  certain  substances  in  certain  ways 
thought  at  certain  times  to  be  unacceptable  by  certain  other 
individuals  for  reasons  both  certain  and  uncertain.”  The  med- 
ical establishment  has  attempted  to  develop  a broadly  accept- 
able definition,  yet  experts  continue  to  disagree  about  what  it 
means  to  be  addicted  to  a drug  (Walters  and  Gilbert,  2000). 

Early  views  of  drug  addiction  emphasized  the  importance 
of  physical  dependence.  As  you  learned  in  Chapter  1,  this 
means  that  abstinence  from  the  drug  leads  to  highly  unpleas- 
ant withdrawal  symptoms  that  motivate  the  individual  to 
reinstate  his  or  her  drug  use.  It  is  true  that  some  drugs  of 
abuse,  such  as  alcohol  and  opiates,  can  create  strong  physi- 
cal dependence  and  severe  withdrawal  symptoms  in  depend- 
ent individuals.  Certain  other  substances,  however,  produce 
relatively  minor  physical  dependence.  It  may  surprise  you  to 
learn  that  cocaine  is  one  such  substance,  and  that  there  was  a 
time  when  cocaine  was  not  considered  to  be  addictive 
because  of  this  lack  of  an  opiate-like  withdrawal  syndrome. 

Recent  conceptions  of  addiction  have  focused  more  on 
other  features  of  this  phenomenon.  First,  there  is  an  empha- 
sis on  behavior,  specifically  the  compulsive  nature  of  drug 
seeking  and  drug  use  in  the  addict.  The  addict  is  often  driven 
by  a strong  urge  to  take  the  drug,  which  is  called  drug  crav- 
ing. Second,  addiction  is  thought  of  as  a chronic,  relapsing 
disorder.  This  means  that  individuals  remain  addicted  for 
long  periods  of  time,  and  that  drug-free  periods  (remis- 
sions) are  often  followed  by  relapses  in  which  drug  use 
recurs.  In  recent  years,  the  medical  profession  has  classified 
obesity  in  much  the  same  way,  since  obese  people  typically 
struggle  to  lose  weight  for  many  years  (sometimes  their 
whole  lives),  go  on  frequent  diets  during  which  they  lose 
some  weight  (remissions),  and  almost  always  regain  the 


weight  after  each  diet  (relapse).  A third  important  feature  is 
that  drug  use  persists  despite  serious  harmful  consequences 
to  the  addict.  This  is  the  paradox  of  addiction  mentioned 
earlier  in  the  chapter.  One  widely  cited  definition  of  addic- 
tion that  encompasses  the  first  two  of  the  three  features  just 
described  is  as  follows:  “a  behavioral  pattern  of  drug  use, 
characterized  by  overwhelming  involvement  with  the  use  of  a 
drug  (compulsive  use),  the  securing  of  its  supply,  and  a high 
tendency  to  relapse  after  withdrawal”  (Goldstein,  1989). 

The  term  addiction  has  strong  negative  emotional  associa- 
tions for  most  of  us.  Despite  the  fact  that  drug  addicts  live  in 
all  parts  of  the  country  and  come  from  all  walks  of  life,  we 
usually  think  of  them  as  urban  and  poor.  Our  mental  images 
are  those  of  an  unwashed  heroin  user  huddled  in  an  alley 
“shooting  up”  with  a dirty  syringe,  or  an  emaciated  “crack- 
head”  engulfed  in  a cloud  of  cocaine  vapor  in  an  inner-city 
crack  house,  or  a wino  staggering  down  the  street  begging  for 
a little  change  to  buy  his  next  bottle.  Although  some  drug 
addicts  fit  these  images,  many  others  do  not.  For  this  reason 
as  well  as  the  conflicting  definitions  of  addiction,  the  Ameri- 
can Psychiatric  Association  stopped  using  the  terms  addiction 
and  addict  in  its  professional  writings.  This  can  be  seen  in  the 
association’s  Diagnostic  and  Statistical  Manual  of  Mental  Dis- 
orders (DSM)  (American  Psychiatric  Association,  2000).  The 
DSM  represents  an  attempt  to  classify  the  entire  range  of  psy- 
chiatric disorders,  with  objective  criteria  provided  for  the  diag- 
nosis of  each  disorder.  Instead  of  using  the  term  drug  addic- 
tion, the  DSM  specifies  a group  of  substance-related  disorders, 
where  substance  refers  to  typical  drugs  of  abuse  as  well  as  some 
psychoactive  medications  that  have  abuse  potential.  Within 
the  category  of  substance- related  disorders  are  two  general  dis- 
orders called  substance  dependence  and  substance  abuse. 
Substance  dependence,  which  is  the  more  severe  disorder,  cor- 
responds roughly  to  the  notion  of  addiction.  Substance  abuse 
is  a less  severe  disorder  that  may  or  may  not  lead  subsequent- 
ly to  substance  dependence.  The  diagnostic  criteria  for  these 
disorders  are  shown  in  Table  8.2.  You  can  see  that  there  is  no 
single  criterion  for  either  substance  abuse  or  substance 
dependence.  This  reflects  the  fact  that  maladaptive  drug  use 
may  result  in  many  different  adverse  consequences,  depend- 
ing on  which  drug  is  being  taken  as  welt  as  the  amount  and 
pattern  of  drug  taking.  Of  course,  someone  with  a long-stand- 
ing, severe  case  of  substance  dependence  may  meet  virtually 
all  of  the  listed  criteria,  not  just  three  or  four. 

In  addition  to  the  general  categories  of  substance  depend- 
ence and  substance  abuse,  the  DSM  also  includes  specific  diag- 
nostic criteria  for  the  abuse  of  or  dependence  on  alcohol, 
amphetamines,  cannabis,  cocaine,  hallucinogens,  inhalants, 
nicotine,  opioid  drugs  such  as  heroin,  phencyclidine  (PCP), 
and  sedative-hypnotic  and  anxiolytic  (antianxiety)  drugs.  All 
of  these  compounds  are  covered  in  detail  in  subsequent  chap- 
ters of  the  book.  Finally,  the  DSM  identifies  a number  of  sub- 
stance-induced disorders  involving  the  acute  intoxicating 
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TABLE  8.2  DSM-IV Criteria  for  Substance  Dependence  and  Substance  Abuse 


The  following  are  DSM-IV  criteria  for  substance  dependence: 

A maladaptive  pattern  of  substance  use  leading  to  clinically  significant  impairment  of  distress,  as  manifested  by  three  (or  more)  of  the 
following,  occurring  at  any  time  in  the  same  12-month  period: 

1 . Tolerance,  as  defined  by  either  of  the  following: 

a.  A need  for  markedly  increased  amounts  of  the  substance  to  achieve  intoxication  or  designed  effect 

b.  Markedly  diminished  effect  with  continued  use  of  the  same  amount  of  the  substance 

2.  Withdrawal,  as  manifested  by  either  of  the  following: 

a.  The  characteristic  withdrawal  syndrome  for  the  substance 

b. The  same  (or  a closely  related)  substance  is  taken  to  relieve  or  avoid  withdrawal  symptoms 

3.  The  substance  is  often  taken  in  larger  amounts  or  over  a longer  period  than  was  intended 

4.  There  is  a persistent  desire  or  unsuccessful  efforts  to  cut  down  or  control  substance  use 

5.  A great  deal  of  time  is  spent  in  activities  necessary  to  obtain  the  substance  (e.g.,  visiting  multiple  doctors  or  driving  long  distances), 
use  the  substance  (e.g.,  chain-smoking),  or  recover  from  its  effects 

6.  Important  social,  occupational,  or  recreational  activities  are  given  up  or  reduced  because  of  substance  use 

7.  The  substance  use  is  continued  despite  knowledge  of  having  a persistent  or  recurrent  physical  or  psychological  problem  that  is  likely 
to  have  been  caused  or  exacerbated  by  the  substance  (e.g.,  current  cocaine  use  despite  recognition  of  cocaine-induced  depression, 
or  continued  drinking  despite  recognition  that  an  ulcer  was  made  worse  by  alcohol  consumption). 

The  following  are  DSM-IV  criteria  for  substance  abuse: 

A.  A maladaptive  pattern  of  substance  use  leading  to  clinically  significant  impairment  or  distress,  as  manifested  by  one  (or  more)  of 
the  following,  occurring  within  a 12-month  period: 

1.  Recurrent  substance  use  resulting  in  a failure  to  fulfill  major  role  obligations  at  work,  school,  or  home  (e.g.,  repeated  absences  or 
poor  work  performance  related  to  substance  use;  substance-related  absences,  suspensions  or  expulsions  from  school;  neglect  of 
children  or  household) 

2.  Recurrent  substance  use  in  situations  in  which  it  is  physically  hazardous  (e.g.,  driving  an  automobile  or  operating  a machine 
when  impaired  by  substance  use) 

3.  Recurrent  substance-related  legal  problems  (e.g.,  arrests  for  substance-related  disorderly  conduct) 

4.  Continued  substance  use  despite  having  persistent  or  recurrent  social  or  interpersonal  problems  caused  or  exacerbated  by  the 
effects  of  the  substance  (e.g.,  arguments  with  spouse  about  consequences  of  intoxication,  physical  fights) 

B.  The  symptoms  have  never  met  the  criteria  for  Substance  Dependence  for  this  class  of  substance. 

Source : From  American  Psychiatric  Association,  2000. 


effects  of  particular  substances  as  well  as  withdrawal  symptoms 
in  cases  where  such  symptoms  have  been  well  characterized. 

It  is  important  to  note  that  mere  use  of  any  drug,  whether 
alcohol,  tobacco,  marijuana,  cocaine,  or  heroin,  does  not 
constitute  substance  abuse  or  dependence.  As  indicated  in 
the  DSM,  the  use  must  be  maladaptive,  which  means  that 
harm  is  occurring  to  the  user.  Someone  who  snorts  cocaine 
occasionally  may  be  doing  something  illegal  and  dangerous, 
in  that  there  is  a potential  for  harm  and  for  the  subsequent 
development  of  a pattern  of  abuse  or  dependence.  But  if  the 
DSM  criteria  for  substance  abuse  or  dependence  are  not  met, 
then  we  cannot  claim  that  the  person  is  an  addict  or  even 
that  she  is  abusing  the  drug. 

There  are  two  types  of  progressions  in  drug  use 

Drug  use  can  involve  two  different  kinds  of  progressions.  In 
one  type  of  progression  characteristic  of  many  young  peo- 


ple, the  individual  starts  out  taking  a legal  substance  such  as 
alcohol  or  tobacco,  later  progresses  to  marijuana,  and  in  a 
small  percentage  of  cases  moves  on  to  cocaine,  heroin,  other 
illicit  substances,  or  illegally  obtained  prescription  drugs. 
One  theory  that  attempts  to  account  for  this  type  of  progres- 
sion is  discussed  in  Box  8.1. 

The  second  kind  of  progression  pertains  to  changes  in  the 
amount,  pattern,  and  consequences  of  drug  use  as  they  affect 
the  users  health  and  functioning.  This  progression  can  be 
portrayed  as  a continuum  of  drug  use  (Figure  8.4).  Once  an 
individual  first  experiments  with  an  abused  drug,  he  may  or 
may  not  progress  to  regular,  nonproblem  use  or  beyond. 
Despite  the  popular  view  that  drugs  like  cocaine  and  heroin 
are  instantly  and  automatically  addictive,  that  is  not  the  case. 
Why,  then,  do  some  people  who  experiment  with  these  (or 
other)  substances  become  dependent,  while  others  do  not? 
This  is  one  of  the  central  questions  that  must  be  addressed 
by  any  good  theory  or  model  of  drug  addiction. 
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Figure  8.4  The  continuum  of  drug  use  Over  the  course  of  their  drug  use  history,  indi- 
viduals may  move  frequently  from  one  stage  to  another  along  the  continuum. The  red 
lines  represent  possible  movement  to  nonproblem  drug  use  from  a stage  of  substance 
abuse,  substance  dependence,  or  abstinence  (in  a previously  abusing  or  dependent  per- 
son). Whether  or  not  individuals  can  successfully  make  such  changes  in  their  drug  use  is 
discussed  later  in  the  chapter. 


Another  important  feature  of  drug  use  shown  in  Figure 
8.4  is  that  people  can  move  in  both  directions  along  the  con- 
tinuum. Regardless  of  whether  they’re  using  heroin,  cocaine, 
or  alcohol,  long-term  drug  addicts  often  have  a history  of 
numerous  shifts  along  the  continuum  involving  changes  in 
the  frequency  and  amount  of  drug  use  as  well  as  periodic 
intervals  of  abstinence  that  are  often  associated  with  partici- 
pation in  a treatment  program  or  incarceration  in  prison.  Fig- 
ure 8.5  illustrates  one  example  of  this  phenomenon  taken 
from  a longitudinal  study  of  male  opioid  (heroin)  addicts  in 

I I Daily  illicit  opioid 
IB  Methadone  maintenance 
I I Occasional  use 

(Killed  in  auto  collision  at  age  24) 


San  Antonio,  Texas  (Maddux  and 
Desmond,  1981).  The  figure  pres- 
ents drug  status  data  over  periods 
ranging  from  7 to  20  years  for  10 
representative  subjects  out  of  a total 
of  nearly  250.  Particularly  striking  is 
the  diversity  of  patterns  among  the 
subjects.  For  example,  subject  1 1 1 
exhibited  periods  of  either  occasion- 
al or  daily  use  interspersed  with  long 
intervals  of  abstinence.  In  contrast, 
subject  162  used  daily  for  most  of 
the  20-year  period  except  when  he 
was  institutionalized  in  a hospital  or 
prison.  When  considered  across  all 
10  subjects,  the  numerous  instances 
of  abstinence  followed  by  renewed 
drug  use  supports  the  view  mentioned  earlier  that  addiction 
is  a chronic,  relapsing  disorder. 

For  many  people,  the  use  of  both  alcohol  and  illicit  drugs 
such  as  marijuana  naturally  declines  once  they  reach  adult- 
hood and  begin  to  take  on  the  responsibilities  associated 
with  earning  a living  and  having  a family.  This  pattern  is  con- 
sistent with  the  data  shown  in  Figure  8.1  as  well  as  longitu- 
dinal studies  documenting  a reduction  in  drug  use  beyond 
the  period  of  adolescence  (Chen  and  Kandel,  1995).  Some 
writers  have  called  this  process  “maturing  out”  of  a drug- 
using lifestyle.  There  are  scattered  reports 
that  maturing  out  may  even  occur  in  some 
cases  of  substance  dependence  and  not  mere- 
ly heavy  use;  however,  recovery  from  sub- 
stance dependence  is  a complex  process  that 
cannot  be  accounted  for  by  any  single  factor 
(Waldorf,  1983). 
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Which  drugs  are  the  most  addictive? 


Just  as  we  all  have  mental  images  of  drug 
addicts,  we  also  have  ideas  about  which  drugs 
are  the  most  addictive.  Drugs  thought  to  have 
a high  addictive  potentiaFare  sometimes  called 
“hard  drugs.”  There  are  two  sets  of  standards 
by  which  we  might  classify  drugs  according  to 
their  addictive  potential.  The  first  are  legal 
standards.  As  discussed  earlier,  the  Controlled 
Substances  Act  of  1970  established  a system  by 
which  most  substances  with  abuse  potential 
are  classified  into  one  of  five  different  sched- 
ules. These  schedules,  along  with  representa- 
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Figure  8.5  Patterns  of  opioid  drug  use 
over  a 20-year  period  in  ten  heroin  addicts 

(After  Maddux  and  Desmond,  1 981 .) 


BOX  8.1 


Drugs  and  Society 


The  "Gateway" 
Theory  of  Drug  Use 

Numerous  studies  of  adolescent  drug 
use  have  shown  that  there  is  a typical 
sequence  of  use^uch  that  teenagers 
or  preteens  usually  use  alcohol  and/or 
cigarettes  before  trying  marijuana. 
Some  of  these  studies  further  indicate 
that  almost  all  adolescents  who 
become  involved  with  illicit  drugs 
other  than  marijuana  don't  start  with 
those  drugs,  but  instead  begin  with 
alcohol  or  cigarettes  and  then  mari- 
juana. Results  from  one  representative 
study  are  illustrated  in  the  table.The 
data  were  obtained  from  a sample  of 
1108  twelfth-grade  students  (540 
males  and  568  females)  attending 
public  or  private  schools  in  New  York 
State  in  1 988.  It  is  readily  apparent 
that  within  this  subject  population, 
alcohol  and  cigarettes  tended  to  be 
used  first, followed  by  marijuana,  and 
then  by  cocaine.  Initial  use  of  crack 
cocaine  occurred  either  after  other 
forms  of  the  drug  (that  is,  powdered 
cocaine)  or  sometimes  at  the  same 
time  (Kandel  and  Yamaguchi,  1 993). 

Findings  such  as  these  have  led 
to  the  "gateway"  theory  of  adoles- 
cent drug  progression.  According  to 
this  theory,  individuals  who  drink  or 
smoke  cigarettes  are  at  increased 
risk  for  going  on  to  marijuana  use, 
and  marijuana  use  in  turn  raises  a 
person's  risk  of  trying  other,  more 
dangerous  substances  such  as 
cocaine.Thus,  alcohol  and  cigarettes 
a re  "gateways"  for  marijuana,  and 
marijuana  is  a gateway  for  other  illic- 
it drugs  (Kandel  et  al.,  1 992). 

Because  of  its  apparently  strong 
experimental  support,  the  gateway 
theory  has  become  widely  accepted 
by  many  researchers,  counselors,  and 
drug  policy  makers.  A massive  effort 
has  been  made  to  reduce  adolescent 
use  of  proposed  gateway  drugs  (for 
example, the  DARE  Program),  in  the 
hope  that  this  wff!  diminish  the  num- 


ber of  people  who  later  become 
dependent  on  substances  such  as 
cocaine  or  heroin.  However,  objections 
to  the  gateway  theory  can  be  raised 
on  at  least  two  different  grounds.  First, 
the  studies  upon  which  the  theory  is 
based  have  been  carried  out  mainly 
using  school  surveys.The  majority  of 
drug  users  in  a typical  high  school  are 
probably  occasional  rather  than  heavy 
or  "hard-core"  users,  particularly  if  we 
focus  on  illicit  drugs  other  than  mari- 
juana.This  is  not  only  because  hard- 
core users  represent  a relatively  small 
percentage  of  the  adolescent  popula- 
tion, but  also  because  these  individu- 
als often  drop  out  of  school. 

Since  many  of  the  destructive 
effects  of  drugs  on  our  society  arise 
from  hard-core  use,  we  need  to  ask 
whether  a progression  from  alcohol 
and  cigarettes  to  marijuana  and  then 
beyond  is  characteristic  of  heavy  drug 
users.Two  studies  of  serious  drug 
abusers  in  New  York  City  have 
addressed  this  question.  In  one  study 
of  994  subjects,  most  of  whom  had 
used  cocaine  and  other  illicit  sub- 
stances, marijuana  use  reliably 


occurred  before  that  of  cocaine  or 
other"hard"drugs.  However,  in  con- 
trast to  the  prediction  of  the  gateway 
theory,  marijuana  was  often  the  first 
substance  used,  even  before  alcohol 
(Golub  and  Johnson,  1 994).  Another 
study  carried  out  on  233  regular 
cocaine  and  heroin  users  found  that 
the  standard  progression  of  alcohol  to 
marijuana  to "hard"drugs  was  true  for 
only  33%  of  the  subjects  (Mackesy- 
Amiti  et  al.,  1 997). The  remainder 
showed  several  different  patterns, 
sometimes  starting  with  alcohol,  then 
proceeding  to  illicit  drugs  other  than 
marijuana  and  then  marijuana  (17%); 
or  starting  with  marijuana  before  any 
other  drugs  (28%);  or  even  starting  off 
with  other  illicit  drugs  and  then  later 
taking  up  marijuana  and  alcohol 
(22%). These  findings  suggest  that  the 
standard  gateway  theory  may  not  be 
a good  predictor  of  the  progression  of 
drug  use  for  many  people  who  go  on 
to  become  hard-core  users. 

Second,  even  if  we  stick  to  the  ado- 
lescent population  usually  considered 
in  the  gateway  theory,  the  causal  rela- 

(continued  on  next  page) 


Pairwise  Comparison  of  the  Order  of  Age  of  Initiation  for  Five 
Classes  of  Drugs  among  Twelfth  Graders  Who  Used  Both  Classes 
of  Drugs 

Proportion  of  Specified  Ordering 


Drug  A 

Drug  B 

Drug  A 
before  B 

(%) 

Same 

age 

(%) 

Drug  B 
before  A 

(%) 

Total 

(n) 

Alcohol 

Cigarettes 

47.2 

24.9 

27.9 

789 

Alcohol 

Marijuana 

80.3 

15.0 

4.7 

578 

Alcohol 

Crack 

96.1 

0.0 

3.9 

118 

Cigarettes 

Marijuana 

70.8 

20.7 

8.5 

534 

Cigarettes 

Any  cocaine 

89.7 

9.1 

LI 

143 

Cigarettes 

Crack 

89.7 

5.9 

4.4 

32 

Marijuana 

Any  cocaine 

88.0 

11.2 

0.8 

150 

Marijuana 

Crack 

82.6 

7.0 

10.4 

36 

Any  cocaine 

Crack 

44.2 

42.5 

13.3 

35 

Source:  From  Kandel  and  Yamaguchi,  1993. 
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BOX  8.1  (continued) 

tionships  implied  by  the  theory  are 
difficult  to  prove.  It  may  be  the  case, 
for  example,  that  most  adolescent 
cocaine  users  tried  marijuana  first.  But 
merely  demonstrating  this  fact  is  far 
from  proving  that  the  marijuana  use 
somehow  caused  the  individual  to 
progress  to  cocaine,  particularly  since 
most  adolescent  marijuana  users  do 
not  progress  to  more-addictive  sub- 
stances. Indeed,  Morral  and  coworkers 
(2002)  found  that  the  relationship 
between  marijuana  use  and  progres- 
sion to  hard  drugs  could  be  account- 
ed for  by  a common  factor  they  called 
drug  use  propensity,  which  refers  to 
the  tendency  to  use  both  marijuana 
and  other  illicit  drugs.  Other 
researchers  have  proposed  a more 
general  alternative  to  the  gateway 
theory  termed  either  the  common 
syndrome  theory  or  the  problem 
behavior  theory.  According  to  this 
idea,  certain  adolescents  exhibit  a 


number  of  problem  behaviors,  such  as 
delinquency,  sexual  promiscuity,  mis- 
conduct, parental  defiance,  and  sub- 
stance use,  all  of  which  "reflect  a sin- 
gle, underlying  factor" (Donovan  and 
Jessor,  1 985). This  proposed  personali- 
ty factor  would  increase  an  individ- 
ual's likelihood  of  experimenting  with 
more-addictive  substances.  Further- 
more, the  observed  progression  that 
is  usually  taken  as  support  for  the 
gateway  theory  might  be  due  to  dif- 
ferences in  availability  and  perceived 
risk.  Even  though  alcohol  and  ciga- 
rettes cannot  be  purchased  legally  by 
minors,  they  are  nevertheless  readily 
available  and  are  often  considered 
harmless  by  young  people.  Likewise, 
marijuana  is  more  easily  obtained 
than  drugs  like  cocaine  and  heroin, 
and  its  use  would  be  considered  less 
risky.  Finally,  as  individuals  exhibiting 
problem  behaviors  move  through 
their  teenage  years  into  late  adoles- 


cence and  young  adulthood,  they 
may  develop  a belief  that  taking  riski- 
er substances  is  necessary  to  demon- 
strate their  newfound  maturity. 

In  summary,  there  is  a well- 
described  progression  of  substance 
use  among  adolescents,  although  this 
pattern  may  differ  somewhat  for 
those  who  eventually  become  serious 
drug  abusers.The  gateway  theory 
proposes  that  initial  use  of  alcohol 
and/or  cigarettes  increases  an  adoles- 
cent's risk  of  progressing  to  marijuana 
and  that  marijuana  use  is  a risk  factor 
for"hard"drugs  such  as  cocaine  and 
heroin.  Yet  it  remains  to  be  demon- 
strated that  there  is  a causal  connec- 
tion involved  in  the  progression  of 
drug  use.  Moreover,  there  are  alterna- 
tive approaches  such  as  the  problem 
behavior  theory  that  may  be  able  to 
account  for  a progression  of  drug  use 
without  one  substance  serving  as  a 
gateway  for  another. 


tive  drugs,  are  shown  in  Table  8.3.  Schedule  I substances  are 
considered  to  have  no  medicinal  value  and  thus  can  be 
obtained  only  for  research  use  by  registered  investigators/ 
Items  listed  under  Schedules  II  to  V are  available  for  medicinal 
purposes  with  a prescription  from  a medical  professional  such 


*For  all  controlled  substances,  but  particularly  for  Schedule  I and 
II  items,  there  are  strict  federal  requirements  for  investigator  regis- 
tration, ordering,  and  recordkeeping.  The  substances  must  be 
maintained  securely,  such  as  in  a locked  safe,  with  careful  control 
over  who  has  access  to  the  drug  supply. 


TABLE  8.3  Schedule  of  Controlled  Substances 


Schedule 

Description 

Representative  substances 

I 

Substances  that  have  no  accepted  medical  use 
in  the  U.S.  and  have  a high  abuse  potential 

Heroin,  LSD,  mescaline,  marijuana,  THC,  MDMA 

II 

Substances  that  have  a high  abuse  potential  with 
severe  psychic  or  physical  dependence  liability 

Opium,  morphine,  codeine,  meperidine  (Demerol),  cocaine, 
amphetamine,  methylphenidate  (Ritalin),  pentobarbital, 
phencyclidine  (PCP) 

III 

Substances  that  have  an  abuse  potential  less  than 
those  in  Schedules  I and  II,  including  compounds 
containing  limited  quantities  of  certain  narcotics 
and  nonnarcotic  drugs 

Paregoric,  barbiturates  other  than  those  listed  in 
another  schedule 

IV 

Substances  that  have  an  abuse  potential 
less  than  those  in  Schedule  III 

Phenobarbital,  chloral  hydrate,  diazepam  (Valium), 
alprazolam  (Xanax) 

V 

Substances  that  have  an  abuse  potential  less  than 
those  in  Schedule  IV,  consisting  of  preparations 
containing  limited  amounts  of  certain  narcotic 
drugs  generally  for  antitussive  (cough  suppressant) 
and  antidiarrheal  purposes 
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as  a physician,  dentist,  or  veterinarian.  They  can  also  be 
obtained  for  research  use.  Note  that  the  Schedule  of  Con- 
trolled Substances  specifically  excludes  alcohol  and  tobacco, 
thus  permitting  these  substances  to  be  purchased  and  used 
legally  without  registration  or  prescription. 

The  Schedule  of  Controlled  Substances  was  formulated 
more  than  30  years  ago  and  was  based  not  only  on  the  scien- 
tific knowledge  of  that  time  but  also  partly  on  political  con- 
siderations. Although  it  has  been  updated  periodically  since 
its  inception,  we  may  still  ask  whether  this  classification  sys- 
tem accurately  reflects  our  current  understanding  of  various 
abused  substances.  For  example,  marijuana  and  its  major 
active  ingredient,  A9-tetrahydrocannabinol  (THC),  are  in 
Schedule  I,  which  means  that  they  are  considered  to  have  no 
medicinal  value  as  well  as  a high  level  of  abuse  potential.  In 
Chapter  13,  we  discuss  the  possibility  that  marijuana  or  THC 
may  be  useful  in  some  therapeutic  situations.  For  now,  let’s 
consider  the  second  point  regarding  marijuanas  potential  for 
producing  abuse  or  dependence. 

Several  years  ago,  two  leading  addiction  experts  rated  var- 
ious substances  for  their  abuse  potential  in  five  different  cat- 
egories: (1)  presence  and  severity  of  withdrawal  symptoms; 
(2)  strength  of  the  drugs  reinforcing  effects  based  on  human 
and  animal  studies;  (3)  degree  of  tolerance  produced  by  the 
drug;  (4)  degree  of  dependence  produced  by  the  drug  based 
on  difficulty  quitting,  relapse  rates,  and  the  percentage  of 
users  who  become  dependent;  and  (5)  degree  of  intoxication 


produced  by  the  drug.  The  ratings  were  made  by  Dr.  Jack 
Henningfield,  formerly  Chief  of  Clinical  Pharmacology  at 
the  Addiction  Research  Center  of  the  National  Institute  on 
Drug  Abuse,  and  Dr.  Neil  Benowitz,  a prominent  addiction 
researcher  at  the  University  of  California  at  San  Francisco. 
Their  ratings  are  shown  in  Table  8.4,  with  1 representing  the 
most  serious  and  6 being  the  least  serious.  We  can  see  that 
the  two  sets  of  ratings  are  fairly  consistent  with  each  other  in 
most  cases.  Furthermore,  if  we  determine  the  combined 
mean  ratings  for  each  substance  across  categories,  the  results 
indicate  that  heroin  was  considered  the  most  problematic 
substance  (mean  rating  of  1.9),  followed  by  alcohol  (2.5)  and 
cocaine  (2.65),  and  then  nicotine  (3.35).  The  least  problem- 
atic substances  were  caffeine  (5.0)  and  marijuana  (5.4).  It  is 
important  to  remember  that  the  above  rating  system  did  not 
account  for  the  long-term  health  consequences  of  using  these 
substances,  only  their  abuse  potential  based  on  the  listed  cri- 
teria. Not  only  is  this  obviously  important  for  tobacco  smok- 
ing and  lung  disease,  but  there  is  also  evidence  for  potential- 
ly serious  consequences  of  heavy  marijuana  use  over  long 
periods  of  time  (see  Chapter  13).  Nevertheless,  the  disparity 
between  current  scientific  opinion  (at  least  as  represented  by 
these  two  experts)  and  the  Schedule  of  Controlled  Sub- 
stances is  striking.  Two  of  the  top  four  substances  in  terms 
of  their  abuse  liability  (alcohol  and  nicotine)  are  legal, 
whereas  one  of  the  two  least  problematic  substances  (mari- 
juana) is  classified  in  Schedule  I.  At  some  point  in  the  future, 


TABLE  8.4  Abuse  Potential  of  Different  Substances  as  Rated  by  Two  Addiction  Experts0 


Category 

Substance 

Withdrawal 

Reinforcement 

Tolerance 

Dependence 

Intoxication 

Henningfield  ratings 

Nicotine 

3 

4 

2 

1 

5 

Heroin 

2 

2 

1 

2 

2 

Cocaine 

4 

1 

4 

3 

3 

Alcohol 

1 

3 

3 

4 

1 

Caffeine 

5 

6 

5 

5 

6 

Marijuana 

6 

5 

6 

6 

4 

Benowitz  ratings 

Nicotine 

3.5 

4 

4 

1 

6 

Heroin 

2 

2 

2 

2 

2 

Cocaine 

3.5 

1 

1 

3 

3 

Alcohol 

1 

3 

4 

4 

1 

Caffeine 

5 

5 

3 

5 

5 

Marijuana 

6 

6 

5 

6 

4 

Source:  From  Hilts,  1994. 

a In  this  rating  system,  1 = most  serious,  6 = least  serious.  Note  that  for  the  category  of  withdrawal,  Benowitz  gave  equal  ratings  of 
3 to  nicotine  and  cocaine,  and  ratings  of  4 and  5 to  caffeine  and  marijuana,  respectively.  These  ratings  were  altered  as  shown  so 
that  every  category  would  add  up  to  the  same  value. 
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the  political  climate  in  this  country  might  be  more  receptive 
than  it  is  now  to  bringing  federal  regulations  in  line  with  the 
weight  of  scientific  evidence. 

Section  Summary 

High  levels  of  drug  use  continue  in  our  society  despite  sig- 
nificant governmental  attempts  to  control  such  use. 
Although  early  ideas  about  addiction  emphasized  the  role  of 
physical  dependence,  recent  conceptions  have  focused  on  the 
compulsive  features  of  drug  seeking  and  use  (despite  the 
potentially  harmful  consequences)  and  the  concept  of  drug 
addiction  as  a chronic,  relapsing  disorder  characterized  by 
repeated  periods  of  remission  followed  by  relapses.  The  DSM 
specifies  a disorder  called  substance  dependence,  the  charac- 
teristics of  which  correspond  closely  to  those  usually  associ- 
ated with  addiction.  Maladaptive  drug  use  that  does  not 
meet  the  criteria  for  substance  dependence  is  called  sub- 
stance abuse. 

Young  people  often  progress  from  legal  substances  like 
alcohol  or  tobacco  to  marijuana,  and  some  even  go  on  to  try 
cocaine,  heroin,  or  illegally  obtained  prescription  drugs.  The 
gateway  theory  attempts  to  account  for  this  progression, 
although  other  explanations  have  also  been  offered  to  explain 
the  same  findings.  A second  kind  of  progression  consists  of 
movement  along  a continuum  of  drug  use.  Movement  may 
occur  in  both  directions  along  this  continuum,  and  even  in 
heavy  users,  there  are  often  periods  of  abstinence  interspersed 
among  the  intervals  of  regular  drug  consumption. 

The  Schedule  of  Controlled  Substances  classifies  drugs 
with  abuse  potential  into  five  categories,  or  schedules,  based 
on  their  abuse  potential  and  medicinal  value.  Alcohol  and 
tobacco  are  not  listed  on  the  schedule,  so  they  can  be  pur- 
chased for  recreational  use  and  without  a prescription. 
Although  the  Schedule  of  Controlled  Substances  is  a reason- 
able classification  system  in  most  cases,  it  is  not  entirely  con- 
sistent with  current  scientific  knowledge  concerning  the 
abuse  liability  and  potential  medicinal  use  of  certain  sub- 
stances, particularly  marijuana. 

Models  of  Drug  Abuse  and  Dependence 

Over  the  years,  many  different  explanations  of  drug  abuse, 
dependence,  and  addiction  have  been  proposed.  Some  of 
these  explanations  are  meant  to  be  mutually  exclusive  (that 
is,  both  explanations  cannot  be  true  at  the  same  time).  In 
other  cases,  however,  two  competing  explanations  might  rec- 
ognize many  of  the  same  factors  as  contributing  to  maladap- 
tive drug-taking  behavior  but  place  a different  emphasis  on 
certain  factors  above  others.  For  this  reason,  it  is  appropriate 
to  talk  about  “models”  rather  than  “theories”  of  addiction.  In 
this  section  of  the  chapter,  we  discuss  several  of  the  most 


influential  models  of  drug  abuse,  dependence,  and  addiction. 
Each  model  is  summarized  and  then  its  strengths  and  weak- 
nesses are  evaluated  with  respect  to  our  current  understand- 
ing of  addictive  behaviors. 

The  physical  dependence  model  emphasizes 
the  withdrawal  symptoms  associated  with 
drug  abstinence 

One  important  model  of  addiction  is  the  physical  depend- 
ence model.  As  mentioned  earlier,  certain  drugs  of  abuse 
such  as  opiates  (for  example,  heroin  or  morphine)  and  alco- 
hol can  lead  to  physical  dependence  when  taken  repeatedly. 
Some  researchers  have  proposed  that  this  process  plays  a key 
role  in  the  establishment  and  maintenance  of  drug  addiction. 
The  simplest  form  of  the  physical  dependence  model  is  illus- 
trated in  Figure  8.6.  According  to  this  model,  once  an  indi- 
vidual has  become  physically  dependent  due  to  repeated 
drug  use,  attempts  at  abstinence  lead  to  highly  unpleasant 
withdrawal  symptoms  (also  called  an  abstinence  syndrome). 
This  motivates  the  user  to  take  the  drug  again  (relapse)  to 
alleviate  the  symptoms.  In  the  language  of  learning  theory, 
relief  of  withdrawal  symptoms  promotes  drug-taking  behav- 
ior through  a process  of  negative  reinforcement,  thus  lead- 
ing ultimately  to  a continuous  behavioral  loop  consisting  of 
repeated  abstinence  attempts  followed  by  relapses.* 

One  of  the  most  influential  proponents  of  the  physical 
dependence  model  was  Abraham  Wikler,  who  studied  and 


* Recall  that  negative  reinforcement  refers  to  the  concept  of  rein- 
forcement by  removal  of  an  undesirable  stimulus  (in  this  case, 
painful  or  distressing  withdrawal  symptoms). 


Initial  drug  use 

I 

Repeated  drug  use 

I 

Physical  dependence 


I 


Figure  8.6  The  physical  dependence  model  of  addiction 
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Figure  8.7  Development  of  conditioned  drug  withdraw- 
al responses  in  dependent  drug  users  US,  unconditioned 
stimulus;  UR,  unconditioned  response; CS, conditioned  stimulus; 
CR,  conditioned  response. 


treated  heroin  addicts  over  a period  of  several  decades.  Due 
to  lack  of  money  or  other  factors,  addicts  do  not  have  con- 
stant access  to  heroin.  Over  time,  therefore,  they  are  likely  to 
undergo  many  episodes  of  withdrawal.  Wilder  argued  that  if 
these  withdrawal  reactions  repeatedly  occur  in  specific  envi- 
ronments, such  as  the  places  where  the  addict  either  “hus- 
tles” for  or  takes  the  drug,  the  responses  will  become  classi- 
cally conditioned  to  the  stimuli  associated  with  those 
environments  (Wilder,  1980).  Consequently,  even  if  an  addict 
has  been  drug  free  for  some  length  of  time  and  is  therefore 
no  longer  experiencing  an  acute  abstinence  syndrome,  with- 
drawal symptoms  can  be  triggered  by  exposure  to  the  condi- 
tioned stimuli  (Figure  8.7). 

As  shown  in  the  figure,  drug  craving  is  considered  to  be 
one  of  the  crucial  symptoms  associated  with  conditioned 
withdrawal.  Anna  Rose  Childress,  Charles  O’Brien,  and  their 
colleagues  at  the  University  of  Pennsylvania  School  of  Medi- 
cine have  been  studying  conditioned  craving  as  well  as  other 
behavioral  and  physiological  responses  to  drug-associated 
cues.  For  example,  cocaine-dependent  but  not  control  sub- 
jects experienced  a significant  craving  for  cocaine,  the  desire 
for  a cocaine-induced  “rush”  (see  Chapter  11),  and  even  the 
feeling  of  a “cocaine  high”  when  watching  a video  that  simu- 
lated a person  obtaining,  preparing,  and  then  smoking  crack 
cocaine  (Childress  et  al.,  1999;  Figure  8.8).  Brain  scans  meas- 
uring regional  cerebral  blood  flow  during  the  video  watching 
showed  that  these  subjective  responses  were  correlated  with 
increased  activation  of  the  amygdala  and  the  anterior  cingu- 
late cortex  along  with  decreased  activation  of  the  basal  gan- 
glia. Thus  stimuli  associated  with  the  procurement  and  use  of 
cocaine  evoked  craving  and  other  drug-related  responses  as 


well  as  specific  changes  in  brain  activity.  The  conditioned 
nature  of  these  responses  is  shown  by  the  fact  they  occurred 
only  in  the  cocaine-dependent  subjects,  not  in  control  sub- 
jects who  had  not  had  any  experience  with  this  substance. 

Critique  of  the  physical  dependence  model  For  drugs 
that  produce  significant  physical  dependence,  such  depend- 
ence undoubtedly  is  an  important  contributor  to  the  mainte- 
nance of  addiction  because  unpleasant  withdrawal  symptoms 
provide  motivation  to  obtain  and  take  the  drug  again.  Never- 
theless, there  are  several  problems  with  the  physical  depend- 
ence model  as  a comprehensive  explanation  of  addiction.  First, 
as  we  mentioned  earlier,  some  major  drugs  of  abuse  including 
cocaine  do  not  produce  strong  physical  dependence.  How, 
then,  do  we  explain  addiction  to  these  drugs?  Second, 
although  this  model  may  help  us  understand  what  happens 
after  a person  becomes  dependent,  it  does  not  account  for  the 
earlier  drug  use  that  led  to  development  of  the  physical 
dependence.  Third,  the  physical  dependence  model  has  a 
problem  with  relapse  of  addicts  after  they  have  gone  through 
drug  detoxification  (elimination  of  the  drug  from  one’s  sys- 
tem and  passage  through  the  abstinence  syndrome).  After  the 
withdrawal  symptoms  have  gone  away,  what  still  motivates  an 
addict  to  take  heroin  again,  for  example? 

Wikler  explained  relapse  as  being  motivated  by  condi- 
tioned withdrawal  and  drug  craving  that  are  triggered  by 
environmental  stimuli  associated  with  prior  instances  of 


Figure  8.8  Subjective  responses  to  a cocaine-related 
video  were  obtained  from  cocaine-dependent  men  and  con- 
trol subjects  who  had  never  taken  cocaine.  All  subjects  watched 
a 25-minute  video  depicting  the  acquisition  and  use  of  crack 
cocaine.  Self-ratings  of  cocaine-related  states  were  provided 
before  and  after  the  video,  and  change  scores  (after  video 
minus  before  video)  were  determined. The  cocaine-dependent 
group  (red  bars)  showed  significant  increases  in  "cocaine  high," 
"cocaine  craving," and  "wish  for  rush."  For  the  control  subjects, 
there  was  no  change  in  "cocaine  high"  or  "cocaine  craving"  and  a 
small,  statistically  nonsignificant  decrease  in  "wish  for  rush" 
(blue  bars).  (After  Childress  et  al.,  1 999.) 
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withdrawal.  Both  human  and  animal  studies  have  demon- 
strated that  sensory  stimuli  can  become  conditioned  to  the 
effects  of  drug  administration  as  well  as  drug  withdrawal. 
But  we  do  not  yet  have  convincing  evidence  that  such  con- 
ditioning plays  a role  in  the  actual  relapse  of  previously  absti- 
nent addicts.  Whereas  Wikler’s  subjects  gave  anecdotal 
accounts  of  sudden  withdrawal  symptoms  when  they 
encountered  drug-associated  stimuli  on  the  street,  subse- 
quent studies  have  not  consistently  confirmed  this  finding. 
When  questioned,  addicts  usually  give  other  explanations  for 
their  relapse.  Moreover,  even  if  an  addict  experiences  a sud- 
den craving  for  the  drug,  cravings  are  more  appropriately 
considered  psychological  rather  than  physiological  responses 
and  therefore  do  not  support  a strict  physical  dependence 
model.  Thus,  although  physical  dependence  is  one  factor  that 
can  contribute  to  drug  addiction,  it  does  not  provide  a good 
overall  addiction  model,  for  the  reasons  stated  above. 

The  positive  reinforcement  model  is  based 
on  the  rewarding  and  reinforcing  effects  of 
abused  drugs 

Whereas  the  physical  dependence  model  emphasizes  the  role 
of  negative  reinforcement  in  drug  addiction,  the  positive 
reinforcement  model  focuses  on  the  ability  of  many  abused 
drugs  to  serve  as  positively  reinforcing  stimuli.  This  means 
that  consuming  the  drug  strengthens  whatever  preceding 
behavior  was  performed  by  the  organism.  The  rewarding  and 
reinforcing  properties  of  abused  drugs  have  been  demon- 
strated in  numerous  animal  studies  using  several  different 
experimental  techniques.  The  most  important  of  these  pro- 
cedures is  drug  self-administration,  which  was  introduced  in 
Chapter  4.  As  you  will  recall,  an  experimental  animal  such  as 
a rat,  mouse,  or  monkey  is  fitted  with  an  intravenous  catheter 
attached  to  a drug-filled  syringe.  When  the  animal  performs 
an  operant  response  such  as  pressing  a lever,  a pump  is  briefly 
activated  that  slightly  depresses  the  plunger  of  the  syringe  and 
delivers  a small  dose  of  the  drug  directly  into  the  subject’s 
bloodstream.  This  is  directly  analogous  to  a drug  addict  giv- 
ing himself  an  intravenous  drug  injection.  The  ability  of  ani- 
mals to  learn  and  maintain  the  lever-pressing  response  or  for 
addicts  to  learn  and  maintain  drug-seeking  and  drug-using 
behaviors  means  that  the  drug  is  acting  as  a reinforcer,  just  as 
food  is  a reinforcer  for  those  who  are  hungry. 

We  can  measure  the  relative  strength  of  drug  reinforce- 
ment using  a progressive-ratio  procedure.  In  this  procedure, 
the  animals  are  initially  trained  to  lever-press  on  a continu- 
ous-reinforcement (CR)  schedule,  which  means  that  each 
press  is  followed  by  drug  delivery.  In  the  second  phase,  the 
animals  are  switched  to  a low  fixed-ratio  (FR)  schedule,  such 
as  an  FR-5  (1  drug  delivery  for  every  5 responses).  Finally, 
the  FR  schedule  is  progressively  increased  until  the  animals 
stop  responding,  presumably  because  the  dose  being  deliv- 
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Figure  8.9  Breaking  point  for  morphine  self-administra- 
tion in  rats  as  a function  of  dose  Rats  were  trained  to  self- 
administer  morphine  on  a continuous-reinforcement  schedule, 
then  switched  to  a fixed-ratio  (FR)  schedule.The  FR  was 
increased  daily  (progressive-ratio  schedule)  until  the  breaking 
point  was  reached,  as  defined  in  this  study  by  fewer  than  four 
drug  injections  in  a day. The  graph  illustrates  the  estimated 
breaking  points  according  to  morphine  dose  per  infusion. With- 
in the  dose  range  tested,  it  is  clear  that  the  drug's  reinforcing 
properties  rise  dramatically  as  the  dose  is  increased.  (After 
Weeks  and  Collins,  1 987.) 


ered  is  not  sufficiently  reinforcing  to  support  the  amount  of 
effort  required.  The  response  ratio  at  which  responding  ceas- 
es is  called  the  breaking  point.  Breaking  points  vary  across 
drugs  and  also  across  doses.  What  do  you  think  is  the  rela- 
tionship between  dose  and  breaking  point?  If  you  guessed 
that  breaking  point  generally  increases  with  higher  doses, 
then  you  were  correct.  This  is  illustrated  in  a study  conduct- 
ed by  Weeks  and  Collins  (1987)  in  which  they  compared  the 
approximate  breaking  points  for  a range  of  morphine  doses 
in  rats.  As  the  dose  of  morphine  was  increased,  the  breaking 
point  also  rose  by  a large  amount  (Figure  8.9).  Keep  in  mind, 
however,  that  if  the  dose  of  the  drug  being  tested  becomes 
too  high,  determination  of  the  breaking  point  may  be  com- 
promised, either  because  the  drug  is  exerting  unpleasant  side 
effects  that  reduce  its  reinforcing  efficacy  or  because  the  drug 
is  interfering  with  the  lever-press  response  (for  example,  due 
to  a sedating  effect  in  the  case  of  depressant  drugs  or  to  the 
elicitation  of  extreme  hyperactivity  or  stereotyped  behaviors 
in  the  case  of  psychostimulants). 

Most  drugs  that  are  abused  by  humans  are  self-adminis- 
tered by  animals,  although  some  substances  are  more  power- 
ful reinforcers  than  others.  Students  sometimes  wonder 
whether  animals  can  become  so  addicted  to  drugs  that  they 
kill  themselves.  This  actually  can  occur  with  cocaine  and,  to 
a lesser  extent,  with  heroin  if  the  subjects  are  given  unlimited 
(around-the-clock)  access  to  the  drug  by  intravenous  self- 
administration. Under  such  conditions,  animals  given  cocaine 
will  continue  their  self-administration  even  following  full- 
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blown  seizures,  and  they  become  so  disorganized  in  their 
other  activities  that  they  lose  large  amounts  of  body  weight 
and  stop  grooming  themselves  before  finally  succumbing 
(Bozarth  and  Wise,  1985).  For  these  reasons,  researchers  nor- 
mally permit  only  a few  hours  per  day  of  drug  access  when 
self-administration  studies  are  being  carried  out. 

Although  no  one  would  argue  against  the  idea  that 
abused  drugs  are  reinforcing,  a number  of  authors  have 
pointed  out  that  this  doesn’t  explain  why  such  reinforcement 
occurs.  In  other  words,  what  does  the  drug  do  to  a person  or 
an  animal  that  causes  the  organism  to  repeat  the  experience? 
At  the  neurobiological  level,  researchers  have  discovered  that 
drugs  of  abuse  engage  (and  in  a sense  “hijack”)  a system 
within  the  brain  that’s  intimately  involved  in  natural  rewards 
(Box  8.2).  This  certainly  helps  us  understand  why  such  drugs 
can  be  so  powerfully  reinforcing.  At  the  subjective  level, 
drugs  of  abuse  are  often  reported  to  cause  euphoria,  which 
means  a feeling  of  well-being  or  elevated  mood.  We  are,  of 
course,  referring  to  the  “high”  produced  by  many  of  these 
drugs.  Human  drug  users  can  give  us  a verbal  report  of  the 
drug- induced  high,  and  we  may  speculate  that  animals  expe- 
rience something  analogous  to  this  feeling.  Considering  this 
additional  factor,  we  can  now  present  the  positive  reinforce- 
ment model  in  Figure  8.10.  In  this  model,  the  euphoria  pro- 
duced by  initial  drug  use  serves  as  reinforcement  for  further 
use.  When  the  user  attempts  to  abstain  from  taking  the  drug, 
she  suffers  from  a craving  that  can  be  conceptualized  as  an 


Figure  8.1 0 The  positive  reinforcement  model  of 
addiction 


overwhelming  desire  to  re-experience  drug-induced  eupho- 
ria. This  craving  then  leads  to  relapse. 

Critique  of  the  positive  reinforcement  model  There  are 
several  strong  points  to  the  positive  reinforcement  model. 
The  animal  experiments  we  discussed  support  an  important 
role  for  positive  reinforcement  in  drug-taking  behavior,  and 
they  also  show  how  drugs  of  abuse  interact  with  brain 
reward  mechanisms.  In  addition,  studies  have  shown  that 
addicts  greatly  value  the  drug  high  and  that  a desire  to  get 
high  is  at  least  one  important  explanation  (though  not  the 
only  one)  for  relapse. 

However,  there  are  also  some  significant  limitations  of  the 
positive  reinforcement  model  of  addiction.  For  example, 
users  clearly  display  greater  drug  craving  after  many  doses 
have  been  consumed  than  after  the  first  few  doses.  Yet  the 
magnitude  of  the  drug  high  does  not  correlate  with  this 
increase  in  craving.  Instead,  there  may  be  less  of  a high  after 
many  doses  due  to  drug-induced  tolerance.  Moreover,  con- 
trolled human  studies  have  sometimes  found  dissociations 
between  self-reported  high  and  either  the  desire  or  willing- 
ness to  work  for  the  drug. 

Even  if  drug  use  is  acknowledged  to  be  powerfully  rein- 
forcing, we  may  ask  why  the  negative  consequences  of  drug 
addiction  (which  may  include  such  extreme  effects  as  family 
breakup,  loss  of  one’s  job  and  financial  destitution,  engaging 
in  criminal  activity  to  support  drug  purchases,  damage  to 
one’s  health,  contracting  needle-borne  diseases  such  as  AIDS 
or  hepatitis,  and  even  fatal  overdose  for  some  drugs)  don’t 
effectively  counteract  the  positive  reinforcement  so  that  the 
individual  stops  using  and  remains  abstinent.  One  possible 
answer  concerns  the  temporal  relationship  between  drug 
consumption  and  the  positive  or  negative  effects.  Drug- 
induced  euphoria  occurs  very  quickly  after  consumption, 
particularly  in  the  case  of  intravenous  injection  or  inhalation 
(including  smoking).  In  contrast,  the  negative  consequences 
occur  later  in  time  and,  in  most  cases,  are  linked  to  a long 
pattern  of  use  rather  than  to  a specific  occasion  of  drug  con- 
sumption. According  to  well-established  principles  of  rein- 
forcement, an  event  (euphoria)  that  occurs  very  soon  after  a 
response  (drug  consumption)  exerts  much  greater  control 
over  that  response  than  events  (negative  consequences)  that 
occur  later  in  time.  Even  for  humans,  who  have  the  ability  to 
plan  and  to  foresee  the  consequences  of  their  actions  in  ways 
that  animals  cannot,  this  property  of  reinforcers  has  consid- 
erable influence  over  many  behaviors,  not  just  drug  use.  On 
the  other  hand,  many  individuals  who  take  drugs  once  or 
even  a few  times  stop  their  drug  use  before  they  develop  a 
compulsive  pattern  and  become  addicted.  This  is  true  even 
for  highly  reinforcing  drugs  like  cocaine  and  heroin.  Thus  a 
significant  problem  with  this  model  is  its  failure  to  account 
for  why  some  individuals  succumb  to  the  reinforcing  effects 
of  drugs  while  others  do  not. 
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BOX  8.2 
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Drugs  of  Abuse  and  the  Neural 
Mechanisms  of  Reward 


The  positive  reinforcement  model 
proposes  that  addiction  occurs  due 
to  the  rewarding/euphoric  effects  of 
drugs.  Is  there  a neural  mechanism  of 
reward  that  most  or  all  drugs  of 
abuse  might  be  acting  on  to  produce 
these  effects?  There  does  appear  to 
be  a neuraTreward  circuit/'as  indi- 
cated by  the  eagerness  with  which 
laboratory  animals  and  even  humans 
will  electrically  stimulate  specific 
parts  of  their  brain  if  given  the  oppor- 
tunity. This  phenomenon  of  intracra- 
nial self-stimulation  (ICSS)  was  first 
demonstrated  many  years  ago  by 
James  Olds  and  has  been  extensively 
studied  since  then.  One  important 
kind  of  evidence  for  an  interaction 
between  drugs  of  abuse  and  the 
reward  circuit  concerns  drug-induced 
changes  in  the  threshold  for  ICSS. 
Researchers  can  experimentally 
determine  how  much  current  must 
be  delivered  for  the  electrical  stimu- 
lation to  be  reinforcing  (that  is,  to 
promote  an  operant  response  such  as 
lever  pressing). The  lower  the  thresh- 
old, the  more  sensitive  is  the  reward 
circuit.  As  shown  in  the  table,  a vari- 
ety of  different  abused  drugs  all 
reduce  the  threshold  for  ICSS  when 
given  acutely.  Such  results  indicate 
that  the  underlying  neural  circuitry 
for  drug  reward  overlaps  with  the 
circuitry  for  brain  stimulation 
reward.  On  the  other  hand,  with- 
drawal of  animals  from  chronic  treat- 
ment with  these  substances  causes 
an  increased  ICSS  threshold.  A simi- 
lar phenomenon  occurring  in  a 
drug-dependent  addict  might  con- 
tribute to  the  negative  mood  state 
and  difficulty  in  experiencing  pleas- 


ure that  are  often  reported  during 
withdrawal. 

Another  important  link  between 
abused  drugs  and  reward  mecha- 
nisms is  provided  by  the  neurotrans- 
mitter dopamine  (DA). The  mesolim- 
bic  DA  pathway  from  the  ventral 
tegmental  area  (VTA)  to  the  nucleus 
accumbens  is  an  important  compo- 
nent of  the  reward  circuit.  Moreover, 
the  same  drugs  that  acutely  reduce 
the  threshold  for  ICSS  also  increase 
synaptic  DA  levels  in  the  accumbens, 
either  by  enhancing  the  firing  of  VTA 
neurons  (opiates,  nicotine,  ethanol, 
and  THC)  or  by  stimulating  DA 
release  and/or  inhibiting  DA  reuptake 
from  the  nerve  terminals  (psychos- 
timulants). Finally,  just  as  withdrawal 
from  these  drugs  leads  to  decreased 
brain  reward  (as  indicated  by  elevat- 
ed thresholds  for  ICSS),  it  can  also 
produce  subnormal  DA  levels  in  the 
nucleus  accumbens. 

These  findings  suggest  that  the 
mesolimbic  DA  pathway  plays  a sig- 
nificant role  in  the  reinforcing  effects 
of  many  (perhaps  most)  drugs  of 


abuse.  Further  discussion  on  this 
topic  can  be  found  in  later  chapters 
covering  specific  drugs  or  drug  class- 
es. Here,  however,  we  would  like  to 
dispel  two  widely  held  ideas  about 
DA  that  are  not  correct:  first,  that 
enhanced  DA  transmission  in  the 
nucleus  accumbens  is  always 
required  for  drug  reinforcement,  and 
second,  that  DA  in  the  accumbens 
directly  produces  feelings  of  pleasure 
(or,  in  animals,  whatever  is  analogous 
to  human  pleasure).  Concerning  the 
first  point,  there  are  several  ways  of 
experimentally  testing  whether  the 
mesolimbic  DA  pathway  from  the 
VTA  to  the  nucleus  accumbens  is 
essential  for  drug  reinforcement.  One 
of  the  most  direct  tests  is  to  lesion 
the  dopaminergic  nerve  terminals  in 
the  accumbens  with  the  cate- 
cholamine neurotoxin  6-hydroxy- 
dopamine  (6-OHDA)  (see  Chapter  5) 
and  see  whether  this  blocks  drug  self- 
administration. For  the  psychostimu- 
lants cocaine  and  amphetamine,  self- 
administration is  abolished  by  such 
lesions,  lending  strong  support  to  the 
notion  that  accumbens  DA  is  essen- 
tial for  the  reinforcing  effects  of  these 
compounds.  In  contrast,  many  other 
drugs  including  alcohol  and  heroin 
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BOX  8.2  (continued) 

continue  to  be  self-administered 
even  after  severe  damage  to  the 
VTA-accumbens  DA  pathway. This 
does  not  rule  out  the  possibility  that 
DA  release  contributes  to  the  rein- 
forcing properties  of  these  sub- 
stances, but  it  does  strongly  argue 
that  accumbens  DA  is  not  required  for 
reinforcement  by  drugs  other  than 
cocaine  and  amphetamine. 

The  second  idea  of  DA  as  the 
“pleasure  neurotransmitter"  has  been 
even  more  pervasive,  but  it,  too,  is 
contradicted  by  various  experimental 
findings.  In  one  important  set  of  stud- 
ies carried  out  by  Wolfram  Schultz 
and  his  colleagues,  the  investigators 
recorded  the  firing  of  midbrain  DA 
neurons  (substantia  nigra  and  VTA)  in 
awake  monkeys  under  different 
behavioral  conditions  (Schultz,  1998). 
As  illustrated  in  the  figure,  these  cells 
showed  a burst  of  activity  in  response 
to  a novel  sensory  stimulus  or  an 
unsignaled  (unexpected)  reward  such 
as  a food  treat.  Interestingly,  if  the 
reward  was  paired  in  a classical  con- 
ditioning paradigm  with  a condi- 
tioned stimulus  (CS)  so  that  the  CS 
reliably  predicted  the  reward,  DA  cell 
firing  came  to  be  elicited  by  the  CS 
rather  than  the  reward  itself.  Finally,  if 
the  conditioned  monkeys  were  pre- 
sented with  the  CS  and  then  no 
reward  followed,  there  was  actually  a 
depression  in  DA  cell  firing.  Accord- 
ing to  Schultz,  therefore,  one  function 
of  DA  neuronal  firing  is  to  signal  the 
difference  between  prediction  and 
actual  occurrence  of  rewards.  An 
unpredicted  reward  leads  to 
increased  firing,  a predicted  reward 
causes  no  change,  and  the  failure  of  a 
reward  to  occur  after  being  predicted 
leads  to  a brief  depression  in  cellular 
activity.  Redgrave  and  coworkers 
(1999)  offered  an  alternative  hypoth- 
esis, namely  that  DA  cell  firing  under 
these  conditions  is  critically  involved 


in  switching  the  animal's  attention 
and  behavior  toward  unexpected, 
behaviorally  significant  events  that 
can  include  reward.  In  neither  case  is 
DA  proposed  to  mediate  "pleasure" 
per  se. 

An  even  more  startling  finding 
was  obtained  by  a group  of 
researchers  headed  by  Mark  Wight- 
man  (Garris  et  al.,  1 999).  In  this  case, 
in  vivo  voltammetry  was  used  to 
monitor  DA  release  in  the  nucleus 
accumbens  of  rats  during  electrical 
stimulation  of  the  VTA  or  substantia 
nigra.  For  most  of  the  subjects,  exper- 
imenter-controlled application  of  the 
electrical  stimulus  led  to  significant 
DA  release  in  the  accumbens.These 
animals  learned  to  press  a lever  to 
obtain  ICSS  through  the  same  elec- 
trode. Surprisingly,  however,  ICSS  only 
evoked  DA  release  during  the  begin- 
ning of  a test  session  and  not  after- 
wards.Thus,  as  the  sessions  pro- 
gressed, rats  were  repeatedly 
pressing  the  lever  to  obtain  the 
rewarding  brain  stimulation  without 
a measurable  increase  in  DA  trans- 
mission in  the  nucleus  accumbens. 
These  results  are  inconsistent  with 
the  idea  that  DA  release  in  the 
accumbens  mediates  feelings  of 
reward  or  pleasure. 

We  have  seen  that  drugs  of  abuse 
interact  with  the  neural  circuit  that 
mediates  reward.  Although  the 
mesolimbic  DA  pathway  from  the 
VTA  to  the  nucleus  accumbens  is  part 
of  this  circuit  and  many  drugs  of 
abuse  stimulate  DA  release  in  the 
accumbens,  such  release  is  required 
for  drug  reinforcement  only  in  the 
case  of  cocaine,  amphetamine,  and 
closely  related  psychostimulants.  DA 
seems  to  play  some  kind  of  role  in  the 
learning  or  anticipation  of  reward,  or 
orienting  toward  salient  stimuli,  but  it 
is  clearly  not  a "pleasure  transmitter" 
as  is  sometimes  claimed. 
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Dopamine  cell  firing  under  various 
behavioral  conditions  Under  baseline 
conditions,  midbrain  DA  cells  in  monkeys 
fire  intermittently  at  a low  rate,  as  depicted 
by  the  straight  horizontal  lines.  Brief  (about 
100  ms  long)  bursts  of  firing  occur  in 
response  to  novel  stimuli  (A),  presentation 
of  an  unexpected  reward  (B),and  presenta- 
tion of  a CS  associated  with  reward  (C).lf  an 
expected  reward  is  withheld,  then  DA  cell 
firing  is  transiently  suppressed  (D). 
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Two  recent  approaches  to  drug  addiction  are 
the  incentive-sensitization  and  opponent- 
process  models 

Two  relatively  recent  models  of  addiction  are  the  incen- 
tive-sensitization model  and  the  opponent-process  model. 
We  are  considering  them  together  because  both  attempt  to 
account  for  addiction  within  the  framework  of  current  infor- 
mation about  the  neurobiological  effects  of  abused  drugs. 

The  incentive-sensitization  model  was  proposed  by  Terry 
Robinson  and  Kent  Berridge  of  the  University  of  Michigan 
(Robinson  and  Berridge,  1993, 2000)  and  is  based  on  numer- 
ous experimental  findings  from  both  animal  and  human 
research.  A key  feature  of  their  model  is  the  distinction 
between  drug  liking  (that  is,  the  high)  and  drug  wanting  (that 
is,  craving).  Over  the  course  of  developing  an  addiction,  they 
argue,  there  is  a marked  increase  in  wanting  the  drug  even 
though  there  is  no  change  or  even  a small  decrease  in  drug 
liking  (the  pleasurable  or  hedonic  effect  derived  from  taking 
the  drug)  (Figure  8.1 1).  According  to  the  model,  this  dispar- 
ity occurs  because  there  are  different  brain  mechanisms 
responsible  for  the  two  components  of  drug  reward,  and 
repeated  drug  use  causes  a sensitization  of  the  “wanting”  sys- 
tem but  no  sensitization  or  even  tolerance  in  the  “liking”  sys- 
tem. The  identity  of  these  two  neural  systems  is  not  yet  fully 
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salience)  but  not  drug  "liking"  (euphoria) 


Figure  8.1 1 The  incentive-sensitization  model  of 
addiction 


established.  However,  it  is  clear  that  the  mesolimbic 
dopamine  system  can  be  sensitized  by  repeated  administra- 
tion of  many  abused  drugs,  and  Robinson  and  Berridge 
hypothesize  that  this  neural  circuit  may  be  more  important 
in  drug  wanting  than  in  drug  liking.  The  psychological 
process  leading  to  wanting  is  called  incentive  salience, 
because  it  is  a process  whereby  certain  stimuli  (in  this  case, 
internal  and  external  stimuli  associated  with  drug  use) 
become  extremely  salient  (attention-getting)  and  develop 
incentive  (attractive  and  desirable)  properties.  Changes  in 
the  brain  (sometimes  called  neuroadaptation)  and  their  psy- 
chological manifestations  explain  the  escalating  and  com- 
pulsive drug  use  seen  as  an  addiction  emerges.  Furthermore, 
such  changes  are  long-lasting,  which  accounts  for  the  diffi- 
culty addicts  have  in  avoiding  relapse  even  if  they  have  been 
abstinent  for  some  time. 

The  opponent-process  model  was  originally  proposed  a 
number  of  years  ago  by  Solomon  and  Corbit  as  an  approach 
applicable  to  motivation  in  general  (Solomon  and  Corbit, 
1974)  and  to  addiction  specifically  (Solomon,  1977).  These 
theorists  hypothesized  that  the  neural  mechanisms  respon- 
sible for  affect  (mood  and  emotion)  were  organized  such 
that  any  stimulus  that  provokes  an  initial  strong  affective 
reaction  (for  example,  a strong  feeling  of  either  pleasure  or 
discomfort)  automatically  sets  in  motion  an  opposing  affec- 
tive response  that  is  experienced  after  the  initial  stimulus 
ends.  Think,  for  example,  of  the  sequence  of  feelings  pro- 
duced by  performing  some  dangerous  physical  activity:  ini- 
tial fear  or  anxiety  followed  by  a pleasurable  sense  of  relief 
after  completion  of  the  action.  In  the  case  of  an  abused  drug, 
the  primary  affective  response  might  be  the  high,  and  the 
subsequent  opposing  response  would  be  the  withdrawal 
reaction  after  the  drug  wears  off. 

The  process  responsible  for  the  primary  affective  response, 
called  the  a-process,  was  hypothesized  to  have  the  same  dura- 
tion as  the  stimulus  event,  beginning  and  ending  at  the  same 
times.  In  contrast,  the  opposing  b-process  was  believed  to 
show  a delay  in  both  onset  and  offset  compared  to  the  stimu- 
lus event.  The  b-process  was  also  proposed  to  have  a lower 
intensity  than  the  a-process.  When  the  effect  of  the  b-process 
is  subtracted  from  the  a-process  across  time,  one  obtains  the 
curve  shown  in  the  top  graph  of  Figure  8. 12 A,  which  depicts 
the  overall  changes  in  affect  experienced  during  and  after  the 
stimulus  event.  Another  critical  feature  of  the  original  oppo- 
nent-process theory  is  that  repeated  presentations  of  the  stim- 
ulus were  thought  to  alter  the  b-process  by  strengthening  its 
magnitude,  reducing  its  latency  to  onset,  and  increasing  its 
duration.  The  a-process,  in  contrast,  was  hypothesized  to 
remain  unchanged.  This  would  lead  to  the  overall  affective 
dynamics  shown  in  the  top  graph  of  Figure  8.12B,  where  the 
primary  response  is  experienced  much  more  weakly  but  the 
opponent  process  is  experienced  more  strongly  than  before. 
Applied  to  addiction,  this  model  would  predict  that  drug- 
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Figure  8.1 2 The  original  opponent-process  model  of  motivation 

(After  Solomon,  1977.) 


8.13C).  From  this  lowered  set  point,  drug- 
induced  euphoria  does  not  reach  the  same 
peak  as  before,  even  with  a sensitized 
response.  Finally,  even  after  prolonged  absti- 
nence, the  set  point  remains  somewhat 
reduced  while  the  drug  response  is  still  sensi- 
tized (Figure  8.13D).  Koob  and  Le  Moal  also 
discuss  a possible  sensitization  of  incentive 
motivation  or  incentive  salience  for  drugs, 
which  fits  with  the  incentive-sensitization 
model  discussed  previously.  Figure  8.14  sum- 
marizes this  modified  opponent-process 
model  of  addiction. 

Critique  of  the  incentive-sensitization 
and  opponent-process  models  Both  of 
these  models  have  made  important  contri- 
butions to  contemporary  thinking  about  the 
mechanisms  of  addiction.  Both  incorporate 
recent  findings  from  human  as  well  as  ani- 
mal research,  including  studies  on  the  neu- 
ral mechanisms  of  drug  abuse.  Thus  either 


induced  euphoria  is  diminished  in  addicted 
individuals,  whereas  the  withdrawal  syn- 
drome is  exacerbated. 

More  recently,  Koob  and  Le  Moal  (1997) 
have  presented  a modified  version  of  the 
opponent-process  model  designed  to  account 
more  specifically  for  the  progression  of  affec- 
tive changes  that  occur  during  the  develop- 
ment of  a drug  addiction.  In  contrast  to 
Robinson  and  Berridge,  Koob  and  Le  Moal 
hypothesize  that  repeated  use  sensitizes  the 
primary  affective  response,  namely  the  hedo- 
nic (pleasurable)  consequences  of  drug  con- 
sumption (Figure  8.13A  and  B).  The  opponent 
process,  which  in  contemporary  terminology 
is  called  counteradaptation,  may  or  may  not 
be  strengthened  as  proposed  by  Solomon  and 
Corbit.  A significant  addition  to  the  new 
model,  however,  is  a lowering  of  the  hedonic 
set  point  (the  ongoing  level  of  pleasure  expe- 
rienced by  the  individual)  such  that  the  chron- 
ic user  experiences  dysphoria  (an  unpleasant 
mood  state)  in  the  absence  of  drugs  (note  the 
starting  point  of  the  curve  shown  in  Figure 


Figure  8.1 3 The  modified  opponent- 
process  model  (After  Koob  and  Le  Moal, 
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Figure  8.14  The  opponent-process  model  of  addiction 


model  is  preferable  to  the  physical  dependence  and  positive 
reinforcement  models.  Comparing  the  two  approaches,  the 
incentive-sensitization  model  seems  to  provide  a more  satis- 
factory explanation  of  drug  craving  by  addicts,  whereas  the 
opponent-process  model  is  better  at  accounting  for  the  dys- 
phoria experienced  by  users  during  withdrawal  and  absti- 
nence. Neither  model,  however,  attempts  to  deal  with  the 
earliest  stages  of  drug  use  when  individuals  first 
begin  to  experiment  with  these  substances.  In 
addition,  these  models  incorporate  only  some  of 
the  many  psychosocial  factors  that  interact  with 
neurobiological  mechanisms  in  the  development 
and  maintenance  of  an  addictive  pattern  of  drug 
use. 


holism.  Benjamin  Rush,  the  Philadelphia  physician  who 
founded  the  alcohol  temperance  movement,  was  also  the  first 
to  consider  alcoholism  a disease.  This  view  was  later  expand- 
ed and  promoted  by  E.  M.  Jellinek  in  his  influential  book  The 
Disease  Concept  of  Alcoholism  (Jellinek,  1960).  For  many 
years  now,  alcoholism  has  been  formally  considered  a disease 
by  medical  organizations  such  as  the  World  Health  Organi- 
zation and  the  American  Medical  Association.  Indeed,  the 
disease  model  is  sometimes  also  called  a medical  model.  Not 
surprisingly,  it  is  the  leading  model  used  both  in  the  profes- 
sional treatment  of  alcoholics  and  other  drug  addicts  (in  12- 
step  programs,  for  example)  and  in  self-help  groups  such  as 
Alcoholics  Anonymous  (AA)  and  Narcotics  Anonymous. 

Despite  the  widespread  popularity  of  the  disease  model, 
there  remains  some  confusion  about  its  exact  nature.  This  is 
partly  because  there  are  two  different  types  of  disease  models, 
which  differ  in  their  emphasis.  Early  disease  models,  such  as 
the  one  proposed  by  Jellinek  for  alcoholism,  can  be  called  sus- 
ceptibility models.  As  shown  in  Figure  8.15,  this  kind  of 
model  proposes  that  the  disease  of  addiction  stems  primarily 
from  an  inherited  susceptibility  to  uncontrolled  drug  use.  In 
the  case  of  Jellinek  s alcoholism  model,  loss  of  control  meant 
that  once  a vulnerable  person  took  any  amount  of  alcohol,  he 
could  not  stop  drinking  until  he  became  intoxicated.  Likewise, 
if  an  individual  with  an  inherited  susceptibility  to  cocaine 
addiction  began  using  cocaine,  he  would  suffer  a similar  loss  of 
control  and  become  addicted  to  that  substance.  In  a suscepti- 
bility model,  therefore,  “addicts  are  born,  not  made.” 

During  the  time  when  susceptibility  models  were  first  pro- 
posed, little  was  known  about  the  genetic  contributions  to 
complex  human  traits.  Geneticists  now  recognize  that  com- 
plex traits,  including  drug  addiction,  are  controlled  by  many 
different  genes  working  together  and  that  these  genetic  influ- 
ences interact  in  important  ways  with  various  social  and  envi- 
ronmental factors.  Moreover,  studies  of  long-term  drug 
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The  disease  model  treats  addiction 
as  a medical  disorder 

The  most  widely  accepted  model  of  addiction  in 
our  society  is  the  disease  model.  Not  only  has  this 
view  been  popularized  in  the  mass  media,  but 
addicts  themselves  and  their  treatment  providers 
usually  ascribe  to  this  model.  The  disease  model 
of  addiction  arose  from  early  work  with  alcoholics 
and  remains  most  closely  associated  with  alco- 
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effects  on  experimental  animals  along  with  the  application  of 
brain  imaging  techniques  to  drug-addicted  subjects  have 
shown  that  the  structure  and  functioning  of  the  brain  can  be 
altered  dramatically  by  repeated  exposure  to  substances  of 
abuse.  These  findings  have  given  rise  to  exposure  models  of 
addiction.  According  to  this  type  of  model,  chronic  drug  use 
leads  to  significant  alterations  in  the  brain  that  are  responsible 
for  loss  of  control  and  the  other  key  features  of  addictive 
behavior  (Figure  8.15).  Most  current  neuroscience-based  dis- 
ease models  are  variations  on  this  theme.  A general  summary 
of  such  models  was  presented  in  an  article  entitled  “Addiction 
Is  a Brain  Disease,  and  It  Matters”  by  Alan  Leshner,  former 
Director  of  the  National  Institute  on  Drug  Abuse.  Leshner 
said,  “That  addiction  is  tied  to  changes  in  brain  structure  and 
function  is  what  makes  it,  fundamentally,  a brain  disease.  A 
metaphorical  switch  in  the  brain  seems  to  be  thrown  as  a 
result  of  prolonged  drug  use.  Initially,  drug  use  is  a voluntary 
behavior,  but  when  the  switch  is  thrown,  the  individual  moves 
into  the  state  of  addiction,  characterized  by  compulsive  drug 
seeking  and  use”  (Leshner,  1997). 

These  two  kinds  of  disease  models  are  not  mutually  exclu- 
sive. Susceptibility  models  may  include  a role  for  drug- 
induced  physiological  (including  neural)  changes,  and  expo- 
sure models  typically  hypothesize  that  some  individuals  are 
more  susceptible  genetically  to  developing  the  neurobiologi- 
cal  changes  that  lead  to  addiction.  However,  the  difference  in 
emphasis  between  these  approaches  has  potential  conse- 
quences for  both  research  and  clinical  treatment.  For  exam- 
ple, one  logical  outcome  of  susceptibility  models  is  that  an 
addict  must  completely  abstain  from  the  substance,  since  loss 
of  control  is  an  inborn  trait.  As  this  kind  of  model  underlies 
the  teachings  of  AA  as  well  as  various  12-step  treatment  pro- 
grams patterned  after  AA,  such  organizations  and  programs 
only  permit  complete  abstinence  as  a treatment  goal.  In  con- 
trast, an  exposure  model  might  or  might  not  require  absti- 
nence. It  depends  on  whether  the  hypothesized  neural 
changes  are  reversible  or  not.  If  it  is  possible  for  the  addict’s 
brain  to  return  to  a relatively  normal  state  during  a sufficient 
period  of  abstinence,  then  it  might  also  be  possible  for  the 
individual  to  begin  using  the  substance  again  but  in  a con- 
trolled manner.  There  is  some  evidence,  though  controver- 
sial, that  some  people  who  are  heavy  alcohol  users  but  not 
yet  severely  dependent  can  establish  a pattern  of  controlled 
drinking  (Rosenberg,  1993).  However,  substance  abuse  treat- 
ment providers  rarely  consider  this  option,  based  partly  on 
their  interpretation  of  the  disease  model  and  partly  on  their 
own  clinical  experience  with  failed  attempts  of  clients  to 
maintain  controlled  substance  use.  Consequently,  clients  are 
almost  always  advised  to  strive  for  total  abstinence  as  the 
desired  treatment  outcome. 

Critique  of  the  disease  model  The  disease  model  has  had 
a tremendously  valuable  impact  on  society’s  reaction  toward 


drug  abuse  and  addiction.  For  a long  time,  excessive  drug  use 
and  addiction  were  seen  primarily  as  signs  of  personal  and 
moral  weakness.  Indeed,  this  earlier  view  has  sometimes 
been  termed  a moral  model  of  addiction.  Initial  develop- 
ment of  the  disease  model  sought  to  remove  the  social  stig- 
ma of  addiction  (after  all,  no  one  blames  you  for  coming 
down  with  a disease)  and  to  involve  the  medical  profession 
in  helping  addicts  deal  with  their  problem  through  treatment 
programs.  It  is  important  to  note,  though,  that  our  society  is 
still  ambivalent  about  disease  versus  moral  conceptions  of 
drug  use.  Although  you  can  get  treatment  for  alcohol  or 
tobacco  abuse  without  fear  of  prosecution,  because  these 
substances  are  legal,  abuse  of  heroin,  cocaine,  or  marijuana 
often  leads  to  a jail  sentence  instead  of  medical  help. 

A second  key  benefit  of  the  disease  model  is  reducing  the 
sense  of  guilt  experienced  by  the  recovering  addict.  For 
example,  there  may  be  strong  feelings  of  remorse  for  past 
problems  caused  by  the  person’s  drug  use.  If  such  problems 
are  viewed  as  stemming  from  a disease,  then  the  therapeutic 
process  may  benefit.  As  one  alcoholic  put  it,  “Calling  it  [alco- 
holism] a disease  allows  us  to  put  the  guilt  aside  so  that  we 
can  do  the  work  that  we  need  to  do”  (Thombs,  1999,  p.  71). 
In  addition,  even  for  a highly  motivated  individual  in  an 
intensive  treatment  program,  there  is  a great  likelihood  that 
one  or  more  lapses  (brief  instances  of  drug  use)  will  occur 
before  long-term  abstinence  is  attained.  The  danger  is  that 
the  resulting  feelings  of  guilt  and  diminished  self-worth  will 
engender  a sense  of  hopelessness  that  leads  to  a complete  loss 
of  control  and  full-blown  relapse  back  into  compulsive  use. 
Belief  that  such  lapses  are  the  consequence  of  a disease 
process  instead  of  a moral  failing  is  thought  to  help  the  indi- 
vidual resist  these  destructive  feelings,  although  it  obviously 
does  not  guarantee  a successful  treatment  outcome. 

Despite  its  wide  acceptance,  however,  the  disease  model  of 
addiction  has  been  criticized  by  some  writers,  both  within 
and  outside  of  the  research  community.  To  understand  these 
criticisms,  we  must  first  consider  what  a disease  is.  According 
to  one  medical  dictionary,  a disease  is  “a  pathological  condi- 
tion of  the  body  that  presents  a group  of  clinical  signs  and 
symptoms  and  laboratory  findings  peculiar  to  it  and  that  sets 
the  condition  apart  as  an  abnormal  entity  differing  from 
other  normal  or  pathological  body  states”  (Thomas,  1993). 
Let’s  see  how  this  definition  applies  to  a classical  infectious 
disease  such  as  bacterial  pneumonia.  The  patient  arrives  at  the 
doctor’s  office  complaining  of  severe  cough,  shortness  of 
breath,  pain  in  the  chest,  chills,  and  a high  fever.  These  are  the 
clinical  signs  and  symptoms  that  are  the  initial  indicators  of  a 
possible  diagnosis.  The  doctor  suspects  bacterial  pneumonia 
and  orders  a chest  X-ray  and  a sputum  culture.  The  X-ray 
shows  inflammation  of  the  lungs  and  the  culture  comes  back 
positive  for  PneumococcuSy  one  of  the  bacterial  strains  that 
cause  pneumonia.  These  laboratory  findings  confirm  a diag- 
nosis of  pneumococcal  pneumonia  and  call  for  the  patient  to 
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be  placed  on  an  appropriate  antibiotic  (which  the  doctor  has 
probably  already  started  based  on  her  preliminary  findings). 

Do  the  same  principles  apply  to  addiction?  Imagine  a sec- 
ond patient  arriving  at  the  doctor’s  office  with  the  following 
symptoms:  he  has  had  at  least  six  or  seven  drinks  of  liquor 
almost  every  day  for  the  past  8 years;  he  often  has  cravings  for 
alcohol;  he  doesn’t  become  drunk  even  after  four  or  five  drinks; 
if  he  doesn’t  drink  any  alcohol  for  a day  or  two,  he  becomes 
extremely  irritable,  anxious,  and  unable  to  sleep;  he  has  tried 
to  stop  drinking  numerous  times  without  success;  he  recently 
lost  his  job  due  to  repeated  tardiness  and  absence  from  work; 
and  he  has  been  arrested  twice  for  driving  under  the  influence 
of  alcohol.  These  are  very  clear  signs  and  symptoms  of  alcohol 
dependence.  Can  the  doctor  now  perform  some  laboratory 
tests  to  confirm  the  diagnosis?  She  might  test  his  liver  function 
and  determine  that  he  suffers  from  cirrhosis  (a  serious  liver 
condition  that  occurs  in  some  chronic  alcoholics),  but  cirrhosis 
is  a consequence  of  alcohol  dependence,  not  a cause.  In  fact, 
there  are  no  laboratory  tests  that  can  identify  the  etiology 
(cause)  of  an  addictive  process  in  the  same  way  that  a sputum 
culture  can  identify  the  source  of  someone’s  pneumonia  or  a 
tissue  biopsy  can  identify  the  source  of  another  person’s  can- 
cer. Addiction  or  substance  dependence  can  be  diagnosed  only 
through  the  clinical  signs  and  symptoms. 

One  criticism  of  the  disease  model  of  addiction  empha- 
sizes this  difference  between  addiction  and  most  other  rec- 
ognized disease  conditions  (for  example,  see  Schaler,  2000). 
However,  a key  counterargument  is  that  all  psychiatric  dis- 
orders, not  just  addiction,  must  be  diagnosed  by  means  of 
the  patient’s  mental  and  behavioral  symptoms.  lust  as  there 
are  no  blood  tests  or  brain  scans  that  can  identify  someone 
who  is  suffering  from  addiction  (or,  using  DSM  terminology, 
substance  dependence),  there  are  no  laboratory  tests  that 
enable  a psychiatrist  to  determine  whether  a patient  has 
schizophrenia,  major  depression,  or  obsessive-compulsive 
disorder.  Therefore,  the  lack  of  such  a test  for  addiction  can- 
not be  used  to  disqualify  it  as  a disease  unless  we  are  willing 
to  similarly  disqualify  all  other  psychiatric  disorders. 

The  fact  that  we  presently  have  no  anatomical,  biochemi- 
cal, or  neurological  tests  to  identify  drug-addicted  individu- 
als does  not  conflict  with  the  evidence  mentioned  earlier  that 
chronic  drug  exposure  can  produce  long-term  alterations  in 
brain  structure  and  function.  First  of  all,  we  do  not  yet  know 
whether  the  same  neural  changes  underlie  all  drug  addic- 
tions. Researchers  have  long  believed  that  what  we  call  schiz- 
ophrenia is  actually  a number  of  diseases  that  have  been 
grouped  together  due  to  a core  symptom  cluster.  The  same 
could  be  true  of  addiction.  Second,  it  is  likely  that  complex 
patterns  of  neural  abnormalities  are  responsible  for  psychi- 
atric illnesses  such  as  addiction.  If  so,  then  it  will  be  difficult 
to  find  any  one  or  two  differences  between  drug-addicted 
and  nonaddicted  people  that  are  sufficiently  reliable  to  serve 
as  diagnostic  indicators. 


A second  criticism  of  the  disease  model  stems  from  the 
observation  that  the  levels  of  drug  consumption  and  the 
behavioral  symptoms  of  addiction  lie  on  a continuum.  There 
is  no  sharp  dividing  line  between  those  we  label  addicts  and 
nonaddicts  either  in  the  amount  of  drugs  consumed  or  the 
behaviors  used  to  characterize  addiction.  Consider  Figure 
8.16,  which  illustrates  the  distribution  of  alcohol  purchases 
(including  wine  and  distilled  spirits  such  as  whiskey,  rum, 
gin,  vodka,  and  liqueurs)  within  five  areas  of  Ontario,  Cana- 
da, during  a single  month  in  the  early  1960s  (de  Lint  and 
Schmidt,  1968).  Clearly,  nonproblem  social  drinkers  lie 
toward  the  left-hand  part  of  the  distribution,  whereas  prob- 
lem drinkers  and  alcoholics  are  in  the  right-hand  part  of  the 


Figure  8.1 6 Distribution  of  the  amount  of  alcohol  pur- 
chased by  21,513  people  over  a 1 -month  period  in  Ontario, 
Canada.  A survey  of  alcohol  purchases  (including  wine  and  dis- 
tilled spirits  such  as  whiskey  and  other  liquors,  but  not  includ- 
ing beer)  was  conducted  in  the  early  1960s  within  five  areas  of 
Ontario. The  graph  depicts  the  percentage  of  the  population 
that  purchased  differing  numbers  of  bottles  of  alcohol  (from  1 
to  40)  over  a 1 -month  period.  Because  of  the  lower  alcohol  con- 
tent of  wine  compared  to  distilled  spirits,  each  bottle  of  wine 
was  only  counted  as  a half  bottle  in  the  data  analysis.  It  is  appar- 
ent that  during  the  sampling  period,  more  than  40%  of  the  sur- 
veyed people  purchased  one  bottle  or  its  equivalent,  20%  pur- 
chased two  bottles,  about  11%  purchased  three  bottles,  and  so 
forth.  Note  that  data  points  from  20  to  40  that  appear  to  be  on 
the  x-axis  are  not  actually  at  zero,  but  represent  percentages 
under  0.1  % that  cannot  be  discriminated  on  a graph  this  size. 
Furthermore,  there  are  even  a few  individuals  who  purchased 
more  than  40  bottles  in  1 month  who  are  not  shown  in  the  fig- 
ure. (After  de  Lint  and  Schmidt,  1 968.) 
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distribution.  But  there  is  nothing  intrinsic  to  the  graph  that 
tells  us  where  to  draw  the  line.  Even  if  we  plotted  the  distri- 
bution of  behavioral  symptoms  of  alcohol  dependence 
instead  of  alcohol  purchases,  there  wouldn’t  be  a clean  break 
in  the  distribution  telling  us  where  to  separate  those  who 
have  the  disease  and  those  who  do  not. 

Defenders  of  the  disease  model  can  point  to  other  med- 
ical disorders  that  share  this  feature  of  addiction.  Two  such 
disorders  are  essential  hypertension  (high  blood  pressure 
that  isn’t  a secondary  consequence  of  a known  disease 
process)  and  obesity.  In  both  cases,  there  is  a continuum  of 
symptomatology  (blood  pressure  and  body  weight,  respec- 
tively) between  healthy  individuals  and  those  suffering  from 
the  disease.  Consequently,  doctors  have  had  to  set  arbitrary 
cutoff  points  to  define  the  disease  state.  Moreover,  most  cases 
of  hypertension  and  obesity  are  thought  to  result  from  a 
combination  of  interacting  genetic,  psychosocial,  and  behav- 
ioral factors,  all  of  which  must  also  be  included  in  any  com- 
prehensive theory  of  addiction. 

Finally,  the  disease  model  is  criticized  by  theoreticians  and 
practitioners  who  use  behavioral  approaches  to  understand- 
ing and  treating  substance  abuse  and  addiction.  While  not 
excluding  genetic  and  neurochemical  factors,  such  approach- 
es emphasize  the  role  of  learning  and  other  cognitive  process- 
es in  both  the  development  and  treatment  of  substance  abuse 
problems  (Rotgers,  1996).  Accordingly,  addiction  is  viewed 
not  as  a disease  but  as  a behavior  pattern  that  comes  about 
due  to  an  interaction  between  many  factors,  including  the 
person’s  environment  (for  example,  the  availability  of  drugs 
and  peer  pressure  to  use  them),  behavioral  modeling  of  drug 
use  by  others,  the  positive-reinforcing  effects  of  abused  drugs, 
the  reinforcing  consequences  of  avoiding  or  eliminating  drug 
withdrawal,  and  conditioning  to  drug-related  stimuli. 

In  summary,  the  disease  model  of  addiction  can  be 
defended,  but  only  with  certain  restrictions.  First,  we  believe 
that  classic  susceptibility  models  like  Jellinek’s  for  alcoholism 
have  too  many  problems  to  be  given  serious  consideration. 
Exposure  models  emphasizing  drug  effects  on  brain  function 
are  more  consistent  with  current  research  findings.  Second, 
the  idea  that  addicts  possess  distinctive  qualities  (whether 
genetic,  neurochemical,  psychological,  or  behavioral)  that 
readily  separate  them  from  nonaddicts  may  not  be  correct.  A 
better  model  may  be  one  that  places  the  signs  and  symptoms 
of  addiction  along  a continuum,  similar  to  what  is  done  with 
essential  hypertension  or  obesity.  Third,  it  seems  clear  that  a 
good  model  of  addiction,  whether  a disease  model  or  not, 
must  incorporate  multiple  etiologic  factors  at  all  levels  of 
analysis,  from  social  to  molecular.  We  offer  some  ideas  along 
this  line  in  the  last  section  of  the  chapter.  In  the  final  analysis, 
it  may  not  make  much  difference  to  researchers  whether 
addiction  is  considered  a disease  or  not,  as  long  as  the  full 
range  of  contributory  factors  is  acknowledged.  As  we  men- 
tioned earlier,  however,  the  disease  model  continues  to  play  a 


central  role  in  addiction  treatment.  As  George  Vaillant  states 
in  his  landmark  study  of  alcoholism,  “In  our  attempts  to 
understand  and  to  study  alcoholism,  it  behooves  us  to  employ 
the  models  of  the  social  scientist  and  of  the  learning  theorist 
[we  would  also  include  the  models  of  the  neuroscientist] . But 
in  order  to  treat  alcoholics  effectively,  we  need  to  invoke  the 
model  of  the  medical  practitioner”  (Vaillant,  1995,  p.  22). 

Toward  a Comprehensive  Model  of  Drug 
Abuse  and  Dependence 

None  of  the  models  presented  above  attempts  to  provide  a 
comprehensive  account  of  drug  abuse,  dependence,  or  addic- 
tion. Indeed,  no  one  has  yet  offered  a complete  model  of  this 
complex  phenomenon.  However,  we  hope  in  this  final  sec- 
tion to  offer  a glimpse  of  what  a comprehensive  addiction 
model  might  look  like.  This  can  be  termed  a biopsychoso- 
cial model,  because  it  incorporates  a range  of  biological,  psy- 
chological, and  sociological  factors  in  explaining  the  phe- 
nomenon of  addiction. 

People  who  become  addicted  to  drugs  often  began  using 
these  substances  relatively  early  in  life.  Thus,  it  is  important 
to  understand  the  factors  underlying  initial  experimentation 
with  drugs  of  abuse,  particularly  because  these  factors  may 
differ  somewhat  from  those  responsible  for  later  develop- 
ment and  maintenance  of  an  addictive  pattern  of  use.  There 
are  at  least  two  reasons  for  postulating  such  a difference. 
First,  whereas  initial  experimentation  with  drugs  of  abuse 
(typically  alcohol  and  tobacco)  almost  always  occurs  during 
the  teenage  years  or  even  younger,  there  is  usually  a signifi- 
cant time  interval  (ranging  from  a few  years  to  several 
decades,  as  with  some  alcoholics)  before  the  onset  of  sub- 
stance dependence.  The  many  psychosocial  differences 
between  teenagers  and  adults  can  have  a profound  influence 
on  the  motivation  to  use  drugs.  Second,  the  repeated  drug 
consumption  that  leads  to  addiction  alters  the  user’s  neural 
and  behavioral  functioning,  as  emphasized  by  some  of  the 
models  described  earlier.  There  are  also  significant  changes 
to  the  person’s  social  milieu  that  may  involve  disruption  of 
relationships  within  his  circle  of  family  and  friends,  prob- 
lems at  work  (if  he’s  even  still  employed),  and  possibly  crim- 
inal activities  and  incarceration.  Thus  drug  use  under  these 
conditions  is  bound  to  be  driven  by  many  factors  not  present 
at  the  time  of  initial  experimentation.  Because  of  the  need 
for  a separate  consideration  of  experimental  substance  use, 
we  shall  begin  developing  our  model  with  that  topic. 

Three  types  of  factors  are  involved  in 
experimental  substance  use 

Petraitis  and  colleagues  (1995)  reviewed  many  theories  of 
experimental  substance  use  in  adolescents.  They  argue  that 
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TABLE  8.5  Factors  Influencing  Experimental  Substance  Use  in  Adolescents 


Level  of 

Type  of  influence 

influence 

Social/interpersonal 

Cultural/attitudinal 

Intrapersonal 

Proximal 

Peer  pressure  to  use  substances 
and  beliefs  that  such  use  is  normal 

Belief  that  the  benefits  of  substance 
use  outweigh  the  risks  or  costs 

Belief  that  one  has  the  ability  to 
control  ones  substance  use 

Distal 

Stronger  attachments  to  peers  than 
to  family  members  along  with 
positive  peer  attitudes  toward 
drug  use 

Social  alienation;  rejection  of 
conventional  values;  desire  for 
short-term  gratification; 
rebelliousness 

Low  self-esteem;  poor  social, 
academic,  or  coping  skills;  feelings 
of  stress,  anxiety,  or  depression 

Ultimate 

Lack  of  parental  support, 
reinforcement,  or  supervision; 
negative  evaluations  from  parents; 
familial  stress,  including  parental 
divorce  or  separation 

Local  environmental  factors  such  as 
ready  availability  of  drugs,  high 
crime  rates,  inadequate  schools,  and 
poor  career  opportunities 

Genetic  susceptibility  to  addiction; 
personality  traits  such  as 
impulsivity,  risk-taking,  emotional 
instability,  aggressiveness,  and 
sociability 

Source:  Adapted  from  Petraitis  et  al.,  1995. 


there  are  three  types  of  factors  influencing  experimental  sub- 
stance use  and  three  levels  of  influence,  thereby  leading  to 
the  3x3  matrix  presented  in  Table  8.5.  Social/interpersonal 
factors  have  been  emphasized  most  in  previous  theories,  but 
cultural/attitudinal  and  intrapersonal  factors  can  also  play 
important  roles.  The  different  levels  relate  to  how  closely  or 
immediately  specific  factors  govern  experimental  substance 
use.  Thus  proximal  factors  are  those  thought  to  have  the 
most  direct  influence  on  this  behavior  and  to  be  most  highly 
predictive  of  its  occurrence.  At  the  other  extreme,  ultimate 
factors  are  not  immediately  involved  in  the  decision  to  exper- 
iment with  drugs,  but  they  are  hypothesized  to  increase  the 
long-term  risk  for  such  experimentation  to  occur.  Distal  fac- 
tors are  intermediate  between  proximal  and  ultimate. 

From  Table  8.5,  we  see  that  some  of  the  factors  hypothe- 
sized to  be  most  important  in  experimental  substance  use  are 
positive  beliefs  concerning  such  use;  strong  peer  attachments 
and  peer  pressure  toward  substance  use;  rejection  of  conven- 
tional social  values;  poor  life  skills;  and  feelings  of  stress,  anx- 
iety, or  depression.  At  the  ultimate  level,  certain  personality 
traits,  familial  problems,  and  local  environmental  factors  can 
also  play  a role.  Personality  traits  commonly  associated  with 
experimental  substance  use,  such  as  impulsivity,  risk  taking, 
and  so  forth,  have  a heritable  component  (meaning  that 
individual  differences  in  these  traits  are  under  genetic  influ- 
ence). This  seems  to  be  the  principal  way  that  biology  may 
contribute  to  the  early  phase  of  drug-seeking  behavior. 

Different  factors  are  involved  in  the 
development  and  maintenance  of 
compulsive  substance  use 

The  major  factors  that  contribute  to  the  development  and 
maintenance  of  compulsive  drug  seeking  and  drug  use  (that 


is,  addiction)  are  illustrated  in  Figure  8.17.  The  first  four 
types  of  factors  are  related  to  various  drug  effects  that 
together  exert  direct  control  over  drug  use.  The  remaining 
two  categories  include  factors  that  don’t  directly  influence 
drug  use  but  indirectly  either  increase  (risk  factors)  or 
decrease  (protective  factors)  the  likelihood  of  developing  or 
maintaining  a compulsive  pattern  of  use. 

Drug-related  factors  The  first  type  of  factor  is  the  posi- 
tive-reinforcing effects  of  drugs  of  abuse.  This  is  the  same 


Figure  8.1 7 Factors  involved  in  the  development  and 
maintenance  of  compulsive  drug  use  (Adapted  from  Stoler- 
man/1992.) 
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influence  discussed  previously  in  the  section  on  the  positive 
reinforcement  model  of  addiction,  but  here  it  is  just  one  of 
several  relevant  kinds  of  drug  effects.  We  can  elaborate 
briefly  on  some  of  the  behavioral  and  neural  mechanisms 
that  underlie  this  positive  reinforcement.  At  a behavioral 
level,  we  may  attribute  the  reinforcing  effects  of  drugs  of 
abuse  to: 

• Mood  elevation/euphoria,  as  emphasized  in  the  positive 
reinforcement  model; 

• Relief  from  unpleasant  withdrawal  symptoms,*  as  pro- 
posed by  the  physical  dependence  model  of  addiction; 

• Relief  from  feelings  of  anxiety;  or 

• Functional  enhancement,  for  example,  increased  alertness. 

It  is  clear  that  different  substances  vary  in  the  degree  to 
which  they  fit  these  differing  categories  of  reinforcement. 
Most  drugs  of  abuse  produce  mood  elevation  or  euphoria, 
but  not  all.  As  we  saw  earlier,  relief  from  withdrawal  symp- 
toms may  be  important  for  substances  that  produce  strong 
dependence  but  not  for  those  that  do  not.  Anxiety  relief  may 
play  a role  in  the  use  of  sedative-anxiolytic  drugs  (drugs  that 
cause  relaxation  and  anxiety  reduction)  like  barbiturates, 
benzodiazepines  (for  example,  Valium),  or  alcohol,  but  it  is 
not  involved  in  addiction  to  stimulants  like  cocaine  or 
amphetamine  that  tend  to  heighten  rather  than  diminish 
feelings  of  anxiety.  Enhancement  of  alertness  or  other  cog- 
nitive functions  has  been  associated  with  nicotine  and  caf- 
feine use,  whereas  sedative  drugs  have  the  opposite  effect  on 
cognitive  performance. 

At  the  neural  level,  we  have  already  pointed  out  that  the 
mesolimbic  dopamine  system  seems  to  be  a key  part  of  the 
brain  circuit  responsible  for  the  reinforcing  effects  of  many 
drugs.  However,  we  also  noted  that  the  importance  of  this 
system  varies  with  different  substances.  Other  neurotrans- 
mitter systems  are  undoubtedly  also  involved  in  drug  rein- 
forcement, depending  on  each  particular  drug  of  abuse. 
These  include  the  GABA  (y-aminobutyric  acid)  system  for 
the  sedative-anxiolytic  drugs  mentioned  in  the  previous 
paragraph,  the  opioid  system  for  opiate  drugs  such  as  heroin 
and  morphine,  and  the  cannabinoid  system  for  marijuana. 
Some  of  these  systems  were  presented  in  previous  chapters, 
while  others  are  discussed  in  forthcoming  chapters  on  spe- 
cific classes  of  abused  drugs. 

Psychoactive  drugs,  including  drugs  of  abuse,  often  produce 
powerful  discriminative  stimulus  effects  in  animal  studies.  As 
summarized  in  Chapter  4,  this  means  that  the  drugs  produce 
internal  states  that  can  serve  as  cues  controlling  the  animal’s 


^Strictly  speaking,  taking  a drug  to  alleviate  withdrawal  symptoms 
could  be  classified  as  negative  rather  than  positive  reinforcement; 
however,  this  distinction  is  not  important  for  the  present  discussion. 


behavior  in  a learning  task.  Discriminative  stimulus  effects  of 
drugs  in  animals  are  considered  to  be  analogous  to  the  subjec- 
tive effects  that  people  experience  when  they  take  the  same  sub- 
stances. Experienced  users  come  to  expect  these  subjective 
effects,  and  such  expectations  are  thought  to  contribute  to  the 
persistence  of  drug-seeking  and  drug-using  behaviors. 

It  is  a truism  to  say  that  every  episode  of  drug  use  occurs 
in  the  presence  of  some  set  of  environmental  stimuli.  The 
powerful  role  of  environment  was  seen  when  U.S.  soldiers 
were  returning  from  the  war  in  Vietnam  in  the  1970s. 
Although  many  soldiers  were  frequent  heroin  users  in  Viet- 
nam, most  had  little  difficulty  “kicking  the  habit”  once  they 
returned  home  (Robins  et  al.,  1975).  While  there  are 
undoubtedly  many  factors  involved  in  this  situation,  one 
important  factor  is  thought  to  be  removal  from  the  environ- 
mental stimuli  that  had  previously  been  associated  with  the 
drug.  There  are  many  ways  that  drug  effects  can  be  paired 
with  specific  stimuli.  For  example,  the  user  might  always 
meet  her  supplier  at  a particular  street  corner.  A crack 
cocaine  addict  might  always  use  a favorite  crack  pipe  to 
smoke  the  drug.  In  such  cases,  this  repeated  association  leads 
to  conditioning  of  the  stimulus  or  stimuli  to  the  drug.  What 
are  the  consequences  of  being  exposed  to  drug-conditioned 
stimuli  in  the  absence  of  the  drug  itself  (for  example,  seeing 
the  crack  pipe  with  no  cocaine  on  hand)?  The  answer  is  com- 
plex and  depends  on  the  exact  circumstances  of  the  condi- 
tioning. But  in  general,  exposure  to  drug-conditioned  stimuli 
will  lead  to  either  druglike  effects  or  drug-opposite  effects. 
Druglike  effects  (that  is,  responses  similar  to  those  produced 
by  the  drug  itself)  may  serve  as  primers,  promoting  subse- 
quent drug  seeking  and  using  by  reminding  the  individual  of 
how  the  drug  feels  when  it’s  “on  board.”  Interestingly, 
because  drug-opposite  effects  are  manifested  as  withdrawal 
symptoms,  including  drug  craving,  they  also  drive  the  user 
toward  obtaining  and  taking  the  drug.  Thus  stimuli  condi- 
tioned to  drug  effects  can  be  potent  motivators  in  the  cycle  of 
compulsive  drug  seeking  and  drug  use. 

Interestingly,  drugs  of  abuse  can  sometimes  be  shown  to 
exert  aversive  effects  on  animals  or  humans.  For  example, 
even  though  rats  will  self-administer  nicotine  under  some 
conditions,  they  will  also  learn  to  press  a lever  to  prevent 
experimenter-controlled  infusions  of  the  same  drug.  There 
is  considerable  evidence  that  a number  of  substances  are 
reinforcing  when  under  the  animal’s  control  but  either  not 
as  reinforcing  or  even  aversive  when  administered  by  the 
experimenter.  For  humans  as  well,  drugs  may  produce  aver- 
sive psychological  or  behavioral  effects  in  addition  to  their 
reinforcing  effects.  One  example  is  the  ability  of  cocaine  to 
bring  about  feelings  of  anxiety  that  follow  soon  after  the  ini- 
tial period  of  drug-induced  euphoria.  However,  even  though 
such  aversive  effects  presumably  inhibit  the  tendency  toward 
future  drug  seeking  and  drug  use,  they  may  not  be  sufficient 
to  outweigh  the  many  factors  promoting  these  behaviors. 
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Figure  8.18  The  yoked-control  drug  administration  procedure  This  is  a 
procedure  designed  to  investigate  potential  differences  in  the  consequences  of 
passive  drug  exposure  versus  active,  controlled  drug  self-administration. The 
self-administration  group  learns  to  perform  an  operant  response  to  trigger  an 
intravenous  infusion  of  the  test  drug. The  required  response  may  be  a lever  press 
or,  as  in  the  illustration,  a nose  poke  into  a hole  in  the  wall  of  the  experimental 
chamber  (upward  arrow).  An  inactive  lever  or  hole  (minus  sign)  is  used  for  con- 
trol purposes  to  demonstrate  the  specificity  of  the  learned  response  (there 
should  be  little  or  no  responding  to  the  inactive  device). The  yoked  animals  are 
given  the  same  two  levers  or  holes  as  the  self-administration  group,  but  in  this 
case  both  devices  are  inactive.  Instead,  each  animal  in  the  yoked  group  is  paired 
with  a counterpart  in  the  self-administration  group,  and  the  yoked  animal 
receives  the  exact  same  drug  dose  whenever  its  counterpart  has  earned  an  infu- 
sion due  to  its  responding.Thus,  we  can  see  that  the  two  animals  receive  identi- 
cal drug  exposure,  but  the  self-administering  animal  has  control  over  the 
amount  and  timing  of  this  exposure  that  the  yoked  animal  lacks. 


In  concluding  this  section  on  drug-related  factors,  it  is 
worth  noting  that  many  kinds  of  drug  effects  in  animals  (and 
probably  humans,  as  well)  vary  depending  on  whether  drug 
administration  is  under  the  organism's  control.  This  is  tested 
experimentally  by  comparing  two  different  treatment 
groups,  one  that  is  permitted  to  self-administer  the  drug  and 
a second  group  that  is  yoked  to  the  first.  That  is,  each  animal 
in  the  self-administration  group  has  a counterpart  in  the 
yoked  group,  and  each  time  the  first  animal  gives  itself  a drug 
injection  by  performing  the  necessary  operant  response,  its 
counterpart  receives  the  same  injection  (Figure  8.18).  Thus, 
the  exact  dose  and  patterning  of  drug  treatments  are  the 
same  in  the  self-administering  and  yoked  groups,  but  they 
differ  in  that  only  the  first  group  has  control  over  the  treat- 
ment. Using  this  paradigm,  researchers  have  found  many 
examples  in  which  drug-induced  neurotransmitter  release 
and  turnover,  changes  in  receptor  density,  and  alterations  in 
gene  expression  vary  as  a function  of  whether  the  drug  was 
self-administered  or  not  (Jacobs  et  al.,  2003).  These  findings 
emphasize  that  psychoactive  drugs  interact  with  the  organ- 
ism's state — the  effects  will  differ  depending  on  whether 
drug  exposure  is  uncontrolled  and  unpredictable  or  whether 
the  organism  can  optimize  the  pattern  of  administration  and 


can  anticipate  when  the  next  dose  will  be 
delivered. 

Risk  factors  There  are  many  modulating 
factors  that  can  influence  either  the  likeli- 
hood of  someone  becoming  a drug  addict  or 
the  probability  that  they  will  be  able  to 
achieve  stable  abstinence  once  addicted.  One 
important  environmental  factor  is  the  occur- 
rence of  stress  and  the  ability  of  the  person 
to  cope  with  such  stress.  The  life  histories  of 
drug  addicts  often  show  instances  in  which 
stressful  events  either  promoted  increased 
drug  use  or  precipitated  relapse  from  a pre- 
vious period  of  abstinence.  Numerous  ani- 
mal studies  have  confirmed  that  stress  can 
increase  the  self-administration  of  abused 
drugs  (Piazza  and  Le  Moal,  1998)  as  well  as 
trigger  renewed  drug-taking  behavior  in 
models  of  relapse  (Stewart,  2000).  For  this 
reason,  many  treatment  providers  teach  their 
clients  new  coping  skills  to  deal  with  life 
stresses  without  relapsing. 

At  the  psychological  level,  there  is  an 
abundance  of  research  on  the  relationship 
between  personality  variables  and  alcoholism 
or  other  types  of  drug  addiction  (Sher  et  al., 
1999).  Moreover,  there  is  significant  comor- 
bidity of  drug  abuse  or  addiction  with  vari- 
ous personality  or  mood  disorders.  This 
means  that  addicts  or  drug  abusers  are  often  diagnosed  with 
one  or  more  psychiatric  disorders  in  addition  to  their  drug 
problem.  Interestingly,  a recent  review  of  this  literature 
found  that  comorbidity  of  substance  use  problems  with 
other  psychiatric  disorders  is  more  common  in  women  than 
in  men  (Zilberman  et  al.,  2003).  Furthermore,  whereas  sub- 
stance abuse  or  addiction  is  typically  the  primary  diagnosis 
in  men  (meaning  that  it  came  before  the  other  psychiatric 
disorder),  the  comorbid  diagnosis  (for  example,  depression) 
is  more  commonly  the  primary  one  in  women.  This  gender 
difference  should  be  taken  irtto  account  by  treatment 
providers  working  with  clients  suffering  from  comorbid  dis- 
orders involving  substance  abuse. 

Verheul  and  van  den  Brink  (2000)  proposed  three  differ- 
ent personality- related  pathways  to  addiction:  (1)  behavioral 
disinhibition;  (2)  stress  reduction;  and  (3)  reward  sensitivity. 
The  behavioral  disinihibition  pathway  hypothesizes  that 
deviant  behaviors  such  as  substance  abuse  are  linked  to  a 
trait  cluster  of  impul sivity,  antisociality,  unconventionality, 
and  aggressiveness,  combined  with  low  levels  of  constraint 
and  harm  avoidance.  This  pathway  may  be  particularly  rele- 
vant for  drug  abusers  suffering  from  antisocial  or  borderline 
personality  disorder.  According  to  the  stress  reduction  path- 
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way,  high  scores  on  traits  such  as  stress  reactivity,  anxiety,  and 
neuroticism  are  indicative  of  a heightened  vulnerability  to 
stressful  life  events.  Such  events,  therefore,  trigger  anxiety 
and  mood  disorders  (for  example,  depression),  which  in  turn 
can  lead  to  substance  use  in  an  attempt  at  self-medication. 
Indeed,  this  idea  has  sometimes  been  called  the  self-medica- 
tion hypothesis.  It  predicts  that  individuals  suffering  from 
elevated  anxiety  should  prefer  alcohol  and  other 
sedative-anxiolytic  drugs,  whereas  depressed  individuals 
should  seek  out  stimulant  drugs  such  as  cocaine  or  amphet- 
amine. The  third  pathway,  termed  reward  sensitivity,  relates 
drug  abuse  to  the  personality  traits  of  sensation  seeking, 
reward  seeking,  extraversion,  and  gregariousness.  It  suggests 
that  individuals  scoring  high  on  these  traits  seek  out  drugs 
for  their  positive-reinforcing  qualities. 

Familial  and  sociocultural  influences  can  also  influence 
the  risk  of  developing  a pattern  of  drug  abuse  or  addiction. 
Familial  factors  have  been  studied  most  extensively  in  con- 
junction with  the  risk  of  alcoholism.  For  example,  adult  chil- 
dren of  alcoholics  are  at  increased  risk  for  having  alcohol  or 
other  substance  abuse  problems  (Windle  and  Davies,  1999). 
In  the  case  of  alcohol  itself,  this  may  be  related  in  part  to 
modeling  (imitation)  of  the  parents  drinking  behavior  or  to 
a heightened  expectancy  that  drinking  will  lead  to  positive 
mood  changes.  Sociocultural  studies  have  identified  at  least 
four  different  functions  served  by  drug  abuse  (Thombs, 
1999).  The  first  involves  social  facilitation.  Alcohol  and  other 
drugs  are  often  consumed  in  a group  setting  where  the  sub- 
stance may  enhance  social  bonds  between  the  participants. 
The  second  function  is  to  remove  the  user  from  normal 
social  roles  and  responsibilities,  thereby  allowing  an  escape 
from  the  burdens  that  may  be  associated  with  these  respon- 
sibilities. Third,  substance  use  may  promote  group  solidarity 
within  a particular  ethnic  group.  A good  example  of  this 
phenomenon  is  the  association  of  Irish  culture  with  heavy 
alcohol  use  and  a high  rate  of  alcoholism.  Finally,  substance 
abuse  sometimes  occurs  within  a “drug  subculture”  that 
embraces  social  rituals  surrounding  a particular  subculture 
and  rejects  conventional  social  norms  and  lifestyles.  Socio- 
logical studies  have  identified  distinct  subcultures  for  many 
different  substances,  including  heroin,  cocaine,  alcohol,  mar- 
ijuana, methamphetamine,  and  PCP.  This  is  not  to  say  that 
all  users  of  a particular  substance  participate  in  the  rituals  of 
a subculture,  or  that  users  necessarily  limit  themselves  to  just 
one  substance.  Nevertheless,  one  can  find  groups  of  individ- 
uals who  share  their  common  experiences  with  a specific 
drug  of  abuse  and  who  have  a similar  disdain  for  the 
“straight”  lifestyle. 

Finally,  genes  play  a modulatory  but  not  a deterministic 
role  in  substance  abuse,  as  mentioned  earlier.  Genetic  differ- 
ences may  enter  the  picture  in  numerous  ways,  from  altering 
the  sensitivity  of  neuro transmitter  receptors  (and  thus  to  the 
drugs  that  act  via  those  same  neurotransmitters)  to  influenc- 


ing drug  pharmacokinetics  by  changing  the  activity  of  key 
drug-metabolizing  enzymes.  Some  examples  of  genetic  mod- 
ulation of  drug  use  or  abuse  are  presented  in  subsequent 
chapters. 

Protective  factors  There  are  two  different  ways  that  we  can 
think  about  protective  factors  in  drug  addiction.  First,  an 
absence  of  the  various  risk  factors  described  in  the  previous 
section  should  be  relatively  protective  with  respect  to  drug 
abuse  or  addiction.  Put  another  way,  individuals  who  do  not 
suffer  from  a preexisting  personality  or  mood  disorder,  who 
do  not  exhibit  the  trait  clusters  mentioned  earlier,  who  come 
from  a stable  family  without  any  substance  abuse,  who  do  not 
belong  to  an  ethnic  group  that  promotes  substance  use,  and 
who  do  not  become  involved  in  the  social  rituals  surround- 
ing drug  use  are  at  reduced  risk  for  becoming  addicted. 

The  second  way  that  protective  factors  can  operate  is  to 
help  maintain  a stable  abstinence  in  previously  drug-abus- 
ing or  addicted  individuals.  Drug  addicts  who  seek  treatment 
tend  to  be  the  most  heavily  dependent  and  seriously  affected 
individuals.  Some  will  be  able  to  overcome  their  dependence, 
but  current  research  indicates  that  the  majority  will  struggle 
with  their  drug  problems  for  much  of  their  remaining  life. 
However,  there  are  also  reports  of  heavy  drug  users  achiev- 
ing long-term  abstinence  with  little  or  no  treatment  (Bischof 
et  al.,  2001;  Klingemann,  1992;  Sobell  et  al.,  2000).  This  has 
been  termed  natural  recovery  or  spontaneous  recovery. 
These  individuals  are  probably  less  dependent  overall  than 
those  seen  by  the  treatment  community.  Even  though  this 
difference  may  be  significant  in  facilitating  spontaneous 
recovery,  very  few  recovered  drug  abusers  report  that  they  no 
longer  have  any  desire  for  drugs.  Therefore,  it  is  important 
to  know  how  the  decision  was  made  to  stop  drug  use  and 
what  experiences  or  actions  may  help  protect  these  individu- 
als from  relapsing. 

Recovered  (that  is,  stably  abstinent)  drug  addicts  or 
abusers  recount  many  different  tales  of  how  they  made  and 
kept  the  decision  to  quit  using  drugs.  It  is  often  thought  that 
the  addict  must  hit  “rock  bottom”  or  go  through  an  “existen- 
tial crisis”  before  he'll  be  sufficiently  motivated  to  stop  using. 
Although  this  kind  of  experience  is  reported  in  some  cases, 
many  individuals  find  the  means  to  abstain  without  reach- 
ing such  a crisis  situation.  Spontaneous  recovery  from  drug 
abuse  or  addiction  may  be  triggered  by  a variety  of  major  life 
changes.  Some  of  these  are  positive  changes  such  as  marriage 
or  having  a spiritual/religious  experience,  whereas  others  are 
negative  consequences  of  drug  use  such  as  health  problems, 
financial  problems,  loss  of  one’s  job,  social  pressures,  fear  of 
imprisonment,  or  death  of  a drug-abusing  friend.  Once  the 
decision  is  made,  the  risk  of  relapse  is  reduced  by  such 
actions  as  moving  to  a new  area,  developing  new  social  rela- 
tionships with  nonusers,  obtaining  employment,  and  engag- 
ing in  substitute  activities  like  physical  exercise  or  medita- 
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tion.  The  relative  importance  of  different  factors  also  varies 
somewhat  with  different  drugs  of  abuse.  For  example,  health 
concerns  are  particularly  important  in  motivating  tobacco 
smokers  to  stop  smoking,  and  much  more  than  other  drug 
users,  they  cite  simple  willpower  as  a critical  factor  in  main- 
taining abstinence  (Walters,  2000). 

In  conclusion,  achievement  of  stable  abstinence  either 
spontaneously  or  with  the  aid  of  treatment  is  greatly  facili- 
tated by  certain  behavioral  changes  that  help  protect  the  drug 
addict  from  relapse.  Some  of  these  changes  involve  avoidance 
of  drug-associated  cues  (for  example,  moving  to  a new  loca- 
tion and  shunning  drug-using  acquaintances),  whereas  other 
changes  serve  to  provide  substitutes  for  the  former  substance 
use,  new  sources  of  reinforcement,  a new  social  support  net- 
work, financial  stability,  and  general  structure  to  the  individ- 
uals  life. 


Section  Summary 

Various  models  have  been  proposed  to  account  for  the  devel- 
opment and  maintenance  of  drug  abuse  or  addiction.  One 
of  the  earliest  models  proposes  that  addictive  drug  use  is 
caused  by  the  development  of  physical  dependence  and  the 
resulting  unpleasant  withdrawal  symptoms  that  result  when 
an  addict  attempts  to  abstain  from  drug  taking.  Conditioned 
craving  may  also  occur  in  response  to  drug-associated  stim- 
uli in  the  environment  and  may  serve  as  an  important  factor 
in  relapse  even  after  detoxification.  The  second  model  dis- 
cussed emphasizes  that  drugs  of  abuse  are  taken  for  their 
positive-reinforcing  effects.  This  model  is  supported  by 
human  reports  of  drug-induced  euphoria  and  by  the  ability 
of  the  same  substances  to  support  self-administration  in  ani- 
mals. Two  recent  models  of  addiction  are  the  incentive- sen- 
sitization model  and  the  opponent-process  model.  The 
incentive-sensitization  model  of  Robinson  and  Berridge  is 
based  on  the  idea  that  with  repeated  exposure,  there  is  an 
increase  in  drug  wanting  (craving)  due  to  sensitization  of  the 
underlying  neural  mechanisms,  but  there  is  no  equivalent 
enhancement  of  drug  liking.  The  opponent-process  model 
put  forward  by  Koob  and  Le  Moal  proposes  that  any  affec- 
tive stimulus  triggers  an  opposing  reaction  that  is  experi- 
enced after  the  initial  response  has  ended.  Repeated  drug  use 
is  thought  to  sensitize  the  primary  affective  response  (drug- 
induced  euphoria)  but,  at  the  same  time,  to  lower  the  hedo- 
nic set  point  so  that  the  addict  experiences  a dysphoric  mood 
state  in  the  absence  of  the  drug. 

The  most  influential  model  of  addiction  in  our  society  is 
the  disease  or  medical  model.  As  these  names  imply,  this 
model  proposes  that  addiction  should  be  considered  a dis- 
ease requiring  medical  treatment.  There  are  actually  two 
types  of  disease  models,  susceptibility  and  exposure  models. 
In  the  first  type,  addiction  is  thought  to  stem  primarily  from 


an  inherited  susceptibility  to  uncontrolled  drug  use.  The 
other  type  of  disease  model  involves  the  notion  that  chronic 
drug  use  leads  to  alterations  in  brain  function  that  are 
responsible  for  loss  of  control  and  compulsive  drug-seeking 
and  drug-taking  behaviors. 

Disease  models  have  played  an  important  role  in  helping 
people  deal  with  guilt  associated  with  their  addiction  and 
also  in  promoting  social  acceptance  of  medical  treatment  for 
drug  addicts.  However,  it  is  important  to  recognize  that,  like 
other  psychiatric  disorders,  addiction  must  be  diagnosed 
solely  on  the  basis  of  the  individual’s  mental  and  behavioral 
symptoms.  The  disease  concept  of  addiction  seems  to  work 
best  when  compared  to  certain  other  diseases  like  obesity  or 
essential  hypertension.  Like  addiction,  these  disorders  are 
thought  to  result  from  a combination  of  interacting  genetic, 
psychosocial,  and  behavioral  factors  and  to  involve  a contin- 
uum of  symptomatology  between  healthy  individuals  and 
those  suffering  from  the  disease. 

In  formulating  a more  comprehensive,  biopsychosocial 
model  of  addiction,  it  is  appropriate  to  begin  with  the  fac- 
tors involved  in  initial  or  experimental  substance  use.  These 
can  be  categorized  as  proximal,  distal,  or  ultimate,  depend- 
ing on  how  closely  or  immediately  they  govern  experimen- 
tal substance  use.  Among  the  factors  thought  to  be  most 
important  are  positive  beliefs  concerning  substance  use; 
strong  peer  attachments  and  peer  pressure  toward  substance 
use;  rejection  of  conventional  social  values;  poor  life  skills; 
and  feelings  of  stress,  anxiety,  or  depression. 

Several  types  of  factors  contribute  to  the  development 
and  maintenance  of  compulsive  drug  seeking  and  drug  use. 
These  include  four  categories  of  factors  related  directly  to 
drug  effects,  as  well  as  various  risk  or  protective  factors  that 
modify  the  likelihood  of  developing  or  maintaining  a com- 
pulsive pattern  of  use.  Drugs  can  exert  positive-reinforcing 
effects  through  mood  elevation/euphoria,  relief  from 
unpleasant  withdrawal  symptoms,  relief  from  anxiety,  or 
functional  enhancement.  There  are  discriminative  stimulus 
effects  of  drugs  that  can  be  demonstrated  in  animals  and  are 
thought  to  correspond  to  the  subjective  effects  produced  by 
these  same  compounds  in  human  users.  Through  condition- 
ing, environmental  stimuli  can  eithef  elicit  druglike  or  drug- 
opposite  effects,  both  of  which  can  motivate  subsequent  drug 
seeking  and  drug  taking.  Drugs  also  sometimes  produce 
aversive  effects,  although  these  may  not  be  sufficiently  strong 
to  outweigh  other  factors  that  promote  compulsive  drug  use. 

Although  there  is  no  specific  “addictive  personality,”  cer- 
tain personality  traits  are  associated  with  increased  risk  for 
drug  addiction.  Three  different  personality-related  pathways 
to  addiction  have  been  termed  the  behavioral  disinhibition, 
stress  reduction,  and  reward  sensitivity  pathways.  There  is 
also  significant  comorbidity  of  drug  abuse  or  addiction  with 
various  personality  or  mood  disorders,  and  the  self-medica- 
tion hypothesis  proposes  that  some  individuals  take  drugs  in 
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an  attempt  to  treat  these  coexisting  disorders.  The  risk  of 
developing  a pattern  of  drug  abuse  or  addiction  is  also  affect- 
ed by  familial  and  sociocultural  influences.  For  example, 
drugs  may  promote  social  facilitation,  remove  the  user  from 
normal  social  roles  and  responsibilities,  promote  solidarity 
within  a particular  ethnic  group,  or  lead  to  association  with  a 
specific  drug  subculture. 

Finally,  there  are  also  various  protective  factors  that  can 
reduce  the  likelihood  of  an  individual  becoming  addicted  or 
help  prevent  relapse  in  drug  users  attempting  to  maintain 
stable  abstinence.  These  factors  encompass  the  person  s per- 
sonality structure,  social  (including  family)  life,  and  envi- 
ronment. It  seems  to  be  possible  for  some  substance  abusers 
to  achieve  abstinence  without  formal  treatment,  but  heavily 


dependent  individuals  typically  need  the  assistance  of  a 

structured  treatment  program. 
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Alcohol 


/magine  yourself  at  a Friday  night  rager  just  getting  under  way.  Stu- 
dents are  mingling  and  dancing  to  pop  music  while  someone  taps  a keg 
behind  the  bar.  When  we  look  around  an  hour  later,  some  changes  have 
occurred.  Guys  from  the  soccer  team  are  chanting  the  time  as  one  of  their 
number  performs  a keg  stand.  In  the  middle  of  the  dance  floor,  an  upper- 
classman grinds  with  a freshman  girl,  their  hands  all  over  each  other.  Many 
other  students  dance  wildly,  their  glazed  eyes  indicating  that  the  fun  they  are 
having  will  probably  not  be  remembered  in  the  morning.  A group  of  Asians 

come  in,  and  most  grab  beers,  but  unlike 
most  students,  several  decline,  knowing  how 
sick  the  alcohol  will  make  them  within  min- 
utes. Nobody  notices  the  girl  passed  out  in 
the  chair  in  the  corner,  with  much  more 
attention  focused  on  the  two  guys  yelling  and 
shoving  each  other  next  to  the  Beirut  table. 

Alcohol,  an  amazing  beverage,  used  by 
people  all  over  the  world  for  thousands  of 
years,  is  responsible,  we  assume,  for  all  the 
effects  we  see  here:  loss  of  coordination  and 
judgment,  enhanced  sexuality,  memory  loss 
and  stupor,  increased  hostility  and  aggres- 
sion, and,  for  some,  the  potential  for  unpleas- 
ant side  effects.  Can  such  a simple  molecule 
chemically  produce  all  these  diverse  effects  by 
acting  on  specific  neurotransmitters,  or 
might  the  setting,  the  mood  of  the  partici- 
pants, and  their  expectations  be  major 
contributors? 
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Psychopharmacology  of  Alcohol 

Alcohol,  after  caffeine,  is  the  most  commonly  used  psy- 
choactive drug  in  America  and  is  certainly  the  drug  most 
abused.  Despite  the  fact  that  alcohol  has  dramatic  effects  on 
mood,  behavior,  and  thinking,  and  that  its  chronic  use  is 
damaging  to  the  individual,  his  family,  and  society,  the 
majority  of  people  accept  its  use.  In  fact,  many  people  do  not 
consider  alcohol  to  be  a drug.  How  many  people  do  you 
know  who  shun  taking  over-the-counter  or  prescription 
medicines  because  they  don’t  want  to  take  “drugs”  but  will 
have  a beer  at  a party  or  a cocktail  before  dinner?  How  many 
parents  of  high  school  students  have  you  heard  say  that  they 
are  relieved  that  their  child  was  only  caught  drinking  alcohol 
illegally  and  not  using  “real”  drugs?  How  many  books  and 
magazine  articles  have  been  titled  “Drugs  and  Alcohol,”  as 
though  alcohol  was  not  included  in  the  drug  category?  The 
popularity  of  alcohol  use  means  that  almost  everyone  has  an 
idea  about  its  effects.  Some  of  these  ideas  are  based  on  fact, 
but  frequently  people’s  beliefs  about  alcohol  are  misconcep- 
tions and  based  on  myth  and  “common”  wisdom.  Our  job  is 
to  present  the  empirical  evidence  that  describes  not  only  the 
acute  effects  of  the  drug  and  its  mechanism  of  action  in  the 
brain  but  also  some  of  the  long-term  effects  on  other  organ 
systems. 

Alcohol  has  a long  history  of  use 

Alcohol  use  in  America  began  with  the  very  first  immigrants, 
but  its  history  is  really  very  much  longer  than  that.  Perhaps 
as  early  as  8000  B.C.,  mead  was  brewed  from  fermented  honey, 
producing  the  first  alcoholic  beverage.  Archeological  evidence 
shows  that  around  3700  B.C.,  the  Egyptians  prepared  the  first 
very  hearty  beer,  called  hek,  which  might  have  been  thick 
enough  to  stand  up  a spoon,  and  wine  may  have  first  come 
from  Babylonia  in  1700  b.c.  Later  still,  the  popularity  of  alco- 
hol among  the  Romans  may  have  contributed  to  the  decline 
of  the  Empire.  Certainly  many  historians  believe  that  the  civ- 
ilization was  doomed  by  the  corruption  of  society,  alcohol 
intemperance,  and  moral  decay,  but  the  mental  instability  of 
the  Roman  nobility  is  an  additional  factor.  Those  signs  of 
confusion  and  dementia  may  have  been  due  to  lead  poisoning 
caused  by  alcohol  prepared  with  a flavor  enhancer  having  a 
high  lead  content.  Aqua  vitae  (meaning  “the  water  of  life”  in 
Latin)  represents  the  first  distilled  conversion  of  wine  into 
brandy  during  the  Middle  Ages  in  Italy.  Production  of  gin  by 
the  Dutch  is  frequently  credited  with  beginning  serious  alco- 
hol abuse  in  Europe.  Not  only  was  gin  far  more  potent  than 
wine  and  very  inexpensive  to  buy,  but  it  was  introduced  dur- 
ing a time  of  social  upheaval.  Gin  turned  out  to  be  a common 
method  of  dealing  with  the  poor  living  conditions  and  social 
instability  caused  by  the  newly  created  urban  societies  fol- 
lowing the  feudal  period.  Gin  consumption  became  associat- 
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Figure  9.1  Engraving  of  "Gin  Lane"  by  artist  William  Hoga- 
rth (1697-1 764),  depicting  the  popular  opinion  that  the  "lower 
classes"drank  gin  and  got  drunk. 


ed  with  the  lower  class,  while  the  more  respectable  middle 
class  drank  beer  (Figure  9.1). 

Colonial  Americans  brought  their  habits  of  heavy  drink- 
ing from  Europe,  and  alcohol  had  a large  part  in  their  daily 
lives.  The  American  tavern  was  not  just  a place  for  food  and 
drink  and  overnight  accommodation,  it  was  also  the  focal 
point  in  each  town  for  conducting  business  and  local  poli- 
tics, and  for  mail  delivery.  The  Continental  Army  supplied 
each  soldier  with  a daily  ration  of  rum,  and  employers  and 
farmers  supplied  their  workers  with  liquor  on  the  job.  Stu- 
dents, then  as  now,  had  reputations  for  hard  drinking,  and 
Harvard  University  operated  its  own  brewery.  At  some  point 
the  celebrations  at  graduation  ceremonies  became  so  wild 
and  unrestrained  that  the  administration  developed  strict 
rules  of  behavior.  American  drinking  of  alcohol  remained  at 
a high  level  until  the  1830s,  when  the  temperance  movement 
began  a campaign  to  educate  society  about  the  dangers  of 
long-term  alcohol  consumption.  Although  their  initial  goal 
was  to  reduce  alcohol  consumption  rather  than  prevent  it, 
later  offshoots  of  the  group  used  social  and  religious  argu- 
ments to  convince  Americans  that  alcohol  itself  was  the 
source  of  evil  in  the  world  and  was  directly  responsible  for 
broken  families,  poverty,  social  disorder,  and  crime.  Some  of 
the  same  arguments  are  currently  being  used  to  regulate 
other  drugs  in  our  society,  such  as  marijuana,  heroin,  and 
cocaine. 
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In  1917,  Congress  passed  a law  that  in  1920  became  the 
Eighteenth  Amendment  to  the  American  Constitution,  pro- 
hibiting the  “manufacture,  sale,  transportation,  and  impor- 
tation” of  liquor.  Despite  its  intent,  the  period  of  Prohibition 
increased  illegal  manufacturing  that  often  produced  highly 
toxic  forms  of  alcohol,  increased  consumption  of  distilled 
spirits  rather  than  beer  because  it  was  easier  to  hide  and 
store,  and  made  drinking  in  illegal  speakeasies  a fad.  Medic- 
inal “tonics”  containing  up  to  75%  alcohol  became  increas- 
ingly popular.  Worst  of  all,  Prohibition  increased  the  activity 
of  organized  crime  mobs  that  were  heavily  involved  in  the 
sale  and  distribution  of  alcohol.  By  1933,  most  Americans 
realized  the  experiment  was  a failure,  and  the  Eighteenth 
Amendment  was  repealed  by  Congress  during  the  presiden- 
cy of  Franklin  D.  Roosevelt.  (For  a brief  history  of  alcohol 
use  in  America,  see  Goode,  1993.)  Today,  the  use  of  alcohol  is 
restricted  by  age  and  circumstance  (prohibited  when  oper- 
ating a motor  vehicle)  and  regulated  to  some  extent  by  an 
increased  tax  on  the  cost  of  consumption  (the  “sin  tax”). 

What  is  an  alcohol  and  where 
does  it  come  from? 

Alcohols  come  in  many  forms,  and  although  they  have  simi- 
larities in  structure,  they  have  very  different  uses.  Ethyl  alco- 
hol is  the  alcohol  we  are  most  familiar  with  because  it  is  used 
as  a beverage.  Ethyl  alcohol  has  only  two  carbon  atoms,  a 
complement  of  hydrogens,  plus  the  — OH  (hydroxyl  group) 
characteristic  of  all  alcohols  (Figure  9.2).  Methyl  alcohol,  or 
wood  alcohol,  has  an  even  simpler  chemical  structure  but  is 
highly  toxic  if  consumed,  because  the  liver  metabolites  of 
methyl  alcohol  include  formic  acid  and  formaldehyde. 
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Figure  9.2  Chemical  structures  of  three  commonly  used 
forms  of  alcohol 


Drinking  wood  alcohol  causes  blindness,  coma,  and  death.  It 
is  commonly  used  as  a fuel,  an  antifreeze,  and  an  industrial 
solvent.  Isopropyl  alcohol  has  a small  molecular  side  chain 
that  changes  its  characteristics  and  makes  it  most  useful  as 
rubbing  alcohol  or  as  a disinfectant.  It  is  also  dangerous  to 
consume. 

Ethyl  alcohol  (or  ethanol)  is  the  form  we  focus  on  in  this 
chapter.  It  is  produced  by  fermentation,  a process  that 
occurs  naturally  whenever  microscopic  yeast  cells  in  the  air 
fall  on  a product  containing  sugar,  such  as  honey,  fruit, 
sugar  cane,  or  grains  like  rye,  corn,  and  others.  The  material 
that  provides  the  sugar  determines  the  type  of  alcoholic  bev- 
erage, for  example,  wine  (grapes),  sake  (rice),  or  beer 
(grains).  The  yeast  converts  each  sugar  molecule  into  two 
molecules  of  alcohol  and  two  molecules  of  carbon  dioxide. 
This  fermentation  process  is  entirely  natural  and  explains 
why  alcohol  has  been  discovered  in  cultures  all  over  the 
world.  The  fermentation  process  continues  until  the  con- 
centration of  alcohol  is  about  15%,  at  which  point  the  yeast 
dies.  Most  wines  have  an  alcohol  content  in  that  range.  To 
achieve  higher  alcohol  concentration,  distillation  is  neces- 
sary. Distillation  requires  heating  the  fermented  mixture  to 
the  point  where  the  alcohol  boils  off  in  steam  (since  it  has  a 
lower  boiling  point  than  water),  leaving  some  of  the  water 
behind.  The  alcohol  vapor  passes  through  a series  of  cool- 
ing tubes  (called  a still)  and  condenses  to  be  collected  as 
“hard  liquor,”  or  distilled  spirits,  such  as  whiskey,  brandy, 
rum,  tequila,  and  so  forth.  The  alcohol  concentration  of 
these  beverages  varies  from  40  to  50%.  A second  way  to 
increase  alcohol  concentrations  above  15%  is  to  add  addi- 
tional alcohol,  a procedure  used  to  make  fortified  wines 
such  as  sherry.  Flavoring  and  sugar  may  also  be  added  to 
produce  liqueurs  such  as  creme  de  menthe  (mint),  amaretto 
(almond),  or  ouzo  (anise).  Regardless  of  the  form,  alcohol 
is  high  in  calories,  which  means  that  it  provides  heat  or 
energy  when  it  is  metabolized.  However,  there  is  no  nutri- 
tional value  with  those  calories  because  alcohol  provides  no 
proteins,  vitamins,  or  minerals  that  are  a necessary  compo- 
nent of  a normal  diet.  For  this  reason,  individuals  who 
chronically  consume  large  quantities  of  alcohol  in  lieu  of 
food  frequently  suffer  from  inadequate  nutrition,  leading  to 
health  problems  and  brain  damage. 

Although  it  would  make  the  most  sense  to  describe  alcohol 
content  as  a percentage,  if  you  look  at  a bottle  of  distilled  spir- 
its you  are  more  likely  to  see  alcohol  content  described 
according  to  “proof.”  This  convention  is  based  on  an  old 
British  army  custom  of  testing  an  alcoholic  product  by  pour- 
ing it  on  gunpowder  and  attempting  to  light  it.  If  the  alcohol 
content  is  50%,  the  gunpowder  burns,  but  if  the  alcohol  is  less 
concentrated,  the  remaining  water  content  prevents  the  burn- 
ing. Hence,  the  burning  of  the  sample  was  100%  “proof”  that 
it  was  at  least  50%  alcohol.  The  proof  number  now  corre- 
sponds to  twice  the  percent  of  alcohol  concentration. 
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The  pharmacokinetics  of  alcohol 
determine  its  bioavailability 

In  order  to  evaluate  the  effects  of  alcohol  in  the  central  nerv- 
ous system  (CNS),  we  need  to  know  how  much  alcohol  is 
freely  available  to  enter  the  brain  from  the  blood  (i.e.,  its 
bioavailability).  Ethyl  alcohol  is  a unique  drug  in  several 
respects.  Although  alcohol  is  a small,  simple  molecule  that 
cannot  be  ionized,  it  nevertheless  readily  mixes  with  water 
and  is  not  high  in  lipid  solubility.  Despite  these  characteris- 
tics, it  is  easily  absorbed  from  the  gastrointestinal  (GI)  tract 
and  diffuses  throughout  the  body,  readily  entering  most  tis- 
sues, including  the  brain.  The  rates  of  absorption,  distribu- 
tion, and  clearance  of  alcohol  are  modified  by  many  factors, 
all  of  which  contribute  to  the  highly  variable  blood  levels 
that  occur  following  ingestion  of  a fixed  amount  of  the  drug. 
For  this  reason,  behavioral  effects  are  described  based  on 
blood  alcohol  concentration  (BAC)  rather  than  on  the 
amount  ingested.  In  general,  it  takes  a BAC  of  0.04%  (i.e.,  40 
milligrams  of  alcohol  per  100  milliliters  of  blood)  to  produce 
measurable  behavioral  effects.  Keep  in  mind  that  one  “drink” 
may  take  the  form  of  one  12-ounce  can  of  beer,  one  5-ounce 
glass  of  wine,  a cocktail  with  1.25  ounces  of  spirits,  or  a 12- 
ounce  wine  cooler,  but  each  will  raise  your  blood  level  by  the 
equivalent  amount  (Figure  9.3). 

Absorption  and  distribution  Since  oral  administration  is 
about  the  only  way  the  drug  is  used  recreation  ally,  absorption 
will  necessarily  be  from  the  GI  tract:  about  10%  from  the 
stomach  and  90%  from  the  small  intestine.  The  small  mole- 


(A)  Different  oral  doses 
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Figure  9.4  Blood  levels  of  alcohol  after  oral  administration 

(A)  Larger  oral  doses  of  alcohol  produce  higher  concentrations  in 
the  stomach,  which  causes  faster  absorption  and  higher  peak 
blood  levels.  (B)  The  presence  of  food  in  the  stomach  slows 
absorption  of  alcohol  and  prevents  the  sharp  peak  in  blood  level. 
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Figure  9.3  Alcohol  content  A comparison  of  alcohol  content  in  various  bev- 
erages shows  an  equivalent  amount  despite  differences  in  volume.To  calculate 
the  amount  of  alcohol  in  a given  beverage,  multiply  the  number  of  ounces  in  the 
container  by  the  percent  alcohol  content  by  volume.  Note  that  the  alcohol  con- 
tent of  beer  varies  from  3%  up  to  6%  for  some  microbrews. 


cules  move  across  the  membrane  barriers  by 
passive  diffusion  from  the  higher  concentra- 
tion on  one  side  (the  GI  tract)  to  the  lower 
concentration  on  the  other  (blood).  Of 
course,  this  means  that  the  more  alcohol  you 
drink  in  a short  period  of  time  or  the  more 
alcohol  you  drink  in  an  undiluted  form  (i.e., 
more  concentrated), Hhe  more  rapid  the 
movement  from  stomach  and  intestine  to 
blood,  producing  a higher  blood  level  (Fig- 
ure 9.4A).  The  presence  of  food  in  the  stom- 
ach slows  absorption  because  it  delays  the 
movement  into  the  small  intestine  through 
the  pyloric  sphincter,  a muscle  that  regulates 
the  movement  of  material  from  stomach  to 
intestine  (Figure  9.4B).  Milk  seems  to  be  par- 
ticularly effective  in  delaying  absorption.  In 
contrast,  carbonated  alcoholic  beverages 
such  as  champagne  are  absorbed  more  rap- 
idly because  the  carbonation  speeds  the 
movement  of  materials  from  the  stomach 
into  the  intestine. 
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Gender  differences  also  exist  in  the  absorption  of  alcohol 
from  the  stomach  because  certain  enzymes  (particularly  alco- 
hol dehydrogenase)  that  are  present  in  gastric  fluid  are  about 
60%  more  active  in  men  than  in  women,  leaving  a higher  con- 
centration of  alcohol  that  will  be  absorbed  more  rapidly  in 
women  (Freeza  et  al.,  1990).  Further,  taking  aspirin  generally 
inhibits  gastric  alcohol  dehydrogenase,  but  to  a greater  extent 
in  women  than  in  men.  Since  women  have  lower  levels  of  alco- 
hol dehydrogenase  to  begin  with,  aspirin  use  before  drinking 
may  essentially  eliminate  any  gastric  metabolism  of  alcohol  in 
women  (Roine  et  al.,  1990).  Ulcer  medications  (such  as  Taga- 
met or  Zantac)  alsQ  impair  gastric  metabolism,  increasing 
alcohol  concentrations  and  hence  increasing  absorption. 

Once  alcohol  is  in  the  blood,  it  circulates  throughout  the 
body.  It  readily  moves  by  passive  diffusion  from  the  higher 
concentration  in  the  blood  to  all  tissues  and  fluid  compart- 
ments. Body  size  and  gender  differences  also  play  a part  in  the 
distribution  of  alcohol  and  in  the  magnitude  of  its  effect.  The 
same  amount  of  alcohol,  say  one  beer,  is  much  more  concen- 
trated in  the  average  woman  compared  to  a man  because  her 
fluid  volume  is  much  smaller  due  to  her  size  and  because 
women  have  a higher  fat-to-water  ratio.  Furthermore,  alcohol 
readily  passes  the  placental  barrier,  so  the  alcohol  that  a preg- 
nant female  drinks  is  delivered  almost  immediately  to  her  fetus 
as  well,  producing  potentially  damaging  effects  to  the  devel- 
oping infant.  Fetal  alcohol  syndrome  is  discussed  in  Box  9.1. 


Metabolism  Of  the  alcohol  that  reaches  the  general  circu- 
lation, approximately  95%  is  metabolized  by  the  liver  before 
being  excreted  as  carbon  dioxide  and  water  in  the  urine.  The 
remaining  5%  is  excreted  by  the  lungs  and  can  be  measured 
in  one’s  breath  using  a Breathalyzer,  which  provides  law 
enforcement  officials  a means  to  calculate  alcohol  levels. 
Alcohol  metabolism  is  different  from  that  of  most  other 
drugs  in  that  the  rate  of  oxidation  is  constant  over  time  and 
does  not  occur  more  quickly  when  the  drug  is  more  concen- 
trated in  the  blood.  The  rate  of  metabolism  is  quite  variable 
from  one  person  to  another,  but  the  average  rate  is  approxi- 
mately 1 to  1.5  ounces  or  12-18  ml  of  80-proof  alcohol  per 
hour.  Since  the  metabolic  rate  is  constant  for  an  individual,  if 
the  rate  of  consumption  is  faster  than  the  rate  of  metabo- 
lism, alcohol  accumulates  in  the  body  and  the  individual 
becomes  intoxicated. 

Several  enzyme  systems  in  the  liver  are  capable  of  oxidiz- 
ing alcohol.  The  most  important  is  alcohol  dehydrogenase, 
which  we  already  know  is  also  found  in  the  stomach  and 
reduces  the  amount  of  available  alcohol  for  absorption.  Alco- 
hol dehydrogenase  converts  alcohol  to  acetaldehyde,  a poten- 
tially toxic  intermediate,  which  normally  is  rapidly  modified 
further  by  acetaldehyde  dehydrogenase  (ALDH)  to  form 
acetic  acid.  Further  oxidation  yields  carbon  dioxide,  water, 
and  energy  (Figure  9.5A).  ALDH  exists  in  several  genetically 
determined  forms  with  varying  activities.  About  10%  of 
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Figure  9.5  Metabolism  of  alcohol  (A)  The  principal  meta- 
bolic pathway  for  alcohol  involves  the  formation  of  the  toxic 
metabolite  acetaldehyde,  which  must  be  further  degraded  to 
acetic  acid.  Genetic  differences  in  acetaldehyde  dehydrogenase 
(ALDH)  and  the  use  of  certain  drugs  can  inhibit  enzyme  activity, 
causing  toxic  effects.  (B)  Three  possible  genetic  variations  of 
ALDH  are  responsible  for  large  individual  differences  in 
response  to  alcohol.  Each  person  has  a pair  of  chromosomes 
with  the  ALDH  gene,  one  contributed  by  the  mother  and  the 
second  by  the  father. The  two  chromosomes  can  have  either  the 
same  form  (allele),  making  the  individual  homozygous,  or  two 
different  alleles,  making  him  heterozygous.  Individuals  with  two 
inactive  alleles  experience  a severe  reaction  if  they  consume 
alcohol,  because  acetaldehyde  levels  remain  high. Those  with 
one  active  and  one  inactive  allele  show  some  flushing  response 
following  alcohol  ingestion. Two  active  alleles  produce  normal 
metabolism  of  acetaldehyde. 
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Fetal  Alcohol 
Syndrome 

One  of  the  greatest  tragedies  of  fetal 
alcohol  syndrome  (FAS)  is  that  it 
occurs  at  all.  Fetal  alcohol  exposure  is 
the  most  common  cause  of  mental 
retardation  in  the  United  States  and 
could  be  prevented.  Although  the 
damaging  effects  of  alcohol  on  an 
adult  generally  take  decades  of  heavy 
drinking,  the  developing  embryo  is  far 
more  susceptible.The  major  and 
minor  birth  defects  that  constitute 
FAS  present  a challenge  to  families, 
social  services,  and  the  educational 
system. The  cost  for  serving  those 
individuals  with  only  the  most  severe 
symptoms  is  over  $321  million  a year 
in  the  United  States,  and  billions  more 
might  be  spent  on  special  care  for  the 
less  impaired  (Williams  et  al.,  1 994). 

The  diagnostic  signs  and  symp- 
toms include: 

1 . Mental  retardation  and  other  devel- 
opmental delays.  The  average  IQ 
for  an  individual  with  FAS  is  68. 
Such  an  individual  generally 
attains  an  average  reading  level  of 
a fourth-grader  and  the  average 
math  skills  of  second  grade.The 
development  of  typical  motor 
milestones  is  delayed,  and  evi- 
dence of  poor  coordination,  slow 
response  times,  and  language  dis- 
abilities is  common. 

2.  Low  birth  weight  (below  the  1 0th 
percentile).  In  addition,  the  infants 
fail  to  thrive,  producing  poor 
catch-up  growth. 

3.  Neurological  problems.  Some 
infants  are  born  with  high  alcohol 
levels  and  experience  withdrawal 
from  the  drug,  which  includes 
tremors  and  seizures  starting  with- 
in 6 to  1 2 hours  of  birth  and  lasting 
as  long  as  a week.  Abnormal  elec- 
troencephalogram recordings  per- 


sist, and  the  infant  shows  a high 
degree  of  irritability  and  hypersen- 
sitivity to  sound. These  infants 
show  poor  sucking  reflexes,  hyper- 
activity, attentional  deficits, and 
poor  sleep  patterns. 

4.  Distinctive  craniofacial  malforma- 
tions. These  include  a small  head, 
small  wide-set  eyes  with  drooping 
eyelids, a short  upturned  nose,  a 
thin  upper  lip,  and  flattening  of  the 
vertical  groove  between  the  nose 
and  upper  lip  (Figure  A). The 
infants  may  also  show  low-set  and 
nonparallel  ears,  malformations  of 
the  ear  that  produce  hearing 
deficits, cleft  palate,  and  reduced 
growth  of  the  lower  jaw. 

5 . Other  physical  abnormalities.  Ca  r- 
diac  defects  such  as  a hole  between 
the  chambers  or  deformed  blood 
vessels  in  the  heart, failure  of  kidney 
development,  undescended  testes, 
and  skeletal  abnormalities  in  fin- 
gers and  toes  are  common. 

How  sure  are  we  that  alcohol  itself  is 
teratogenic  (i.e.,  causes  birth 
defects)?  After  all,  women  using  high 


doses  of  alcohol  often  have  poor 
nutrition,  smoke  cigarettes  or  use 
other  drugs,  have  poor  health  overall, 
and  get  poor  prenatal  care.These 
issues  have  been  well  controlled  in 
animal  research  that  can  regulate  the 
amount  of  alcohol,  the  pattern  of  con- 
sumption, the  timing  of  alcohol  use 
during  the  pregnancy,  and  the  diet  of 
the  mother.  Early  conclusions  and 
subsequent  research  agree  that  pre- 
natal alcohol  does  induce  both  physi- 
cal defects  and  behavioral  deficits  in 
animals  that  closely  resemble  those  in 
humans.  Single  large  doses  of  alcohol 
given  to  pregnant  qnice  produced 
abnormalities  in  the  developing  fetus- 
es (Figure  B),  including  eye  damage, 
smaller  brains,  and  facial  deformities 
similar  to  those  seen  in  human  babies 
with  FAS.The  amount  of  alcohol 
responsible  was  equivalent  to  a 
woman  drinking  a quart  of  whiskey 
over  24  hours. 

The  blood  alcohol  level  is  important 
in  estimating  the  risk  and  severity  of 
teratogenic  effects,  but  the  pattern  of 
alcohol  use  that  contributes  to  the 
peak  maternal  blood  alcohol  level  is 
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BOX  9.1  (continued) 


equally  important.  In  one  rodent  study, 
1 2 equally  spaced  doses  of  alcohol  that 
produced  maternal  blood  levels  up  to 
0.1 2%  did  not  affect  fetal  brain  growth. 
In  contrast,  the  same  total  amount  of 
alcohol  given  in  condensed  fashion 
raised  maternal  blood  levels  to  a range 
between  0.20  to  0.35%  and  caused  a 
significant  decrease  in  brain  weight 
(Randall  et  al.,  1 990).  Although  that 
blood  level  is  quite  high,  it  is  consistent 
with  blood  levels  following  binge 
drinking  in  humans. 

In  addition  to  the  amount  and  pat- 
tern of  alcohol  ingestion,  the  develop- 


mental stage  of  the  fetus  when 
exposed  to  alcohol  is  critical  in  deter- 
mining the  specific  effects.  Organ  sys- 
tems are  most  vulnerable  to  damage 
during  the  period  of  most  rapid  devel- 
opment. Alcohol  ingestion  at  the  time 
of  conception  significantly  increases 
the  risk  of  teratogenic  effects,  and 
within  the  first  3 weeks  the  fetus  may 
not  survive.  Alcohol  use  during  the 
fourth  to  ninth  weeks,  a time  when 
many  women  are  unaware  of  their 
pregnancy,  produces  the  most  severe 
formative  damage  and  severe  mental 
retardation.  Alcohol  use  later  in  the 


pregnancy  causes  slowed  growth. 
Since  the  brain  is  one  of  the  first  organ 
systems  to  begin  to  develop  but  also 
is  the  last  to  be  complete,  alcohol  use 
at  any  point  in  the  pregnancy  can 
have  damaging  effects  on  the  CNS. 
Obviously,  if  drinking  is  constant 
throughout  the  fetal  development,  the 
effects  will  be  much  greater  than  if 
drinking  is  stopped  mid-pregnancy. 

Although  the  damaging  effects  of 
fetal  alcohol  exposure  are  clear,  its 
precise  mechanism  is  less  certain. 
There  are  some  suggestions  that 
acetaldehyde  may  be  the  toxic  agent, 
while  other  possible  mechanisms 
include  decreased  blood  flow  in  the 
uterine  artery,  reducing  oxygen  avail- 
ability; or  placental  dysfunction, 
reducing  the  transport  of  vital  amino 
acids,  glucose,  folate,  or  zinc.  Hor- 
mone-like substances  called  prosta- 
glandins are  also  suspected  of  medi- 
ating teratogenic  effects,  because 
inhibitors  of  prostaglandins,  such  as 
aspirin,  reduce  alcohol-induced  birth 
defects  in  animals.  Recent  research 
also  finds  that  ethanol  acting  on  both 
glutamate  and  GABA  neural  transmis- 
sion may  trigger  significant  cell  death 
(apoptosis)  in  the  developing  brain 
(Ikonomidou  et  al.,  2000).  (Figure  A 
from  Jones  et  al.,  1 973;  Figure  B from 
Suliketal.,  1981.) 


Asian  individuals  (e.g.,  Japanese,  Korean,  Chinese)  have  genes 
that  code  only  for  an  inactive  form  of  the  enzyme  (Figure 
9.5B).  For  these  individuals,  drinking  even  small  amounts  of 
alcohol  produces  very  high  levels  of  acetaldehyde,  causing 
intense  flushing,  nausea  and  vomiting,  tachycardia, 
headache,  sweating,  dizziness,  and  confusion.  Because  these 
individuals  almost  always  totally  abstain  from  using  alcohol, 
they  have  no  risk  for  alcoholism.  Another  40%  of  the  Asian 
population  have  genes  that  code  for  both  the  active  and  inac- 
tive enzyme.  These  heterozygous  individuals  have  a more 
intense  response  to  alcohol  but  not  necessarily  an  unpleas- 
ant one.  They  are  partially  protected  from  alcohol  depend- 
ence and  have  a lower  vulnerability,  making  the  ALDH  gene 
a marker  for  low  risk  of  alcoholism. 

The  second  class  of  liver  enzymes  are  those  that  belong  to 
the  cytochrome  P450  family,  which  metabolize  many  drugs 
in  addition  to  alcohol.  Because  when  alcohol  is  consumed 


along  with  these  other  drugs  they  must  compete  for  the  same 
enzyme  molecules,  alcohol  consumption  may  lead  to  high 
and  potentially  dangerous  levels  of  the  other  drugs.  Be  sure 
to  look  for  warnings  on  both  prescription  and  over-the- 
counter  medications  before  consuming  alcohol  with  any 
other  drug.  In  contrast  to  the  acute  effect,  when  alcohol  is 
consumed  on  a regular  basis  these  liver  enzymes  increase  in 
number,  which  increases  the  rate  of  metabolism  of  alcohol 
as  well  as  any  other  drugs  normally  metabolized  by  these 
enzymes.  The  process  is  called  induction  of  liver  enzymes 
and  is  the  basis  for  drug  disposition  tolerance,  which  is 
described  in  the  next  section.  Finally,  prolonged  heavy  use  of 
alcohol  causes  liver  damage  that  significantly  impairs  metab- 
olism of  alcohol  and  many  other  drugs. 

Based  on  the  pharmacokinetic  factors  just  described,  you 
know  that  the  amount  of  alcohol  in  your  blood  depends  on 
how  much  you  have  consumed  and  also  on  the  rate  of 
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TABLE  9.1  Estimated  BAC  and  Impairment  as  a Function  of  Time 
for  Men  and  Women  According  to  Body  Weight0 

Approximate  Blood  Alcohol  Concentration6  (Men) 


Drinks  Body  weight  (pounds) 


100 

120 

140 

160 

180 

200 

220 

240 

0 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

1 

.04 

.03 

.03 

.02 

.02 

.02 

.02 

.02 

2 

.08 

.06 

.05 

.05 

.04 

.04 

.03 

.03 

3 

.11 

.09 

.08 

.07 

.06 

.06 

.05 

.05 

4 

.15 

.12 

.11 

.09 

.08 

.08 

.07 

.06 

5 

.19 

.16 

.13 

.12 

.11 

.09 

.09 

.08 

6 

.23 

.19 

.16 

.14 

.13 

.11 

.10 

.09 

7 

.26 

.22 

.19 

.16 

.15 

.13 

.12 

.11 

8 

.30 

.25 

.21 

.19 

.17 

.15 

.14 

.13 

9 

.34 

.28 

.24 

.21 

.19 

.17 

.15 

.14 

10 

.38 

.31 

.27 

.23 

.21 

.19 

.17 

.16 

Approximate  Blood  Alcohol  Concentration  (Women) 


Drinks  Body  weight  (pounds) 


90 

100 

120 

140 

160 

180 

200 

220 

0 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

1 

.05 

.05 

.04 

.03 

.03 

.03 

.02 

.02 

2 

.10 

.09 

.08 

.07 

.06 

.05 

.05 

.04 

3 

.15 

.14 

.11 

.10 

.09 

.08 

.07 

.06 

4 

.20 

.18 

.15 

.13 

.11 

.10 

.09 

.08 

5 

.25 

.23 

.19 

.16 

.14 

.13 

.11 

.10 

6 

.30 

.27 

.23 

.19 

.17 

.15 

.14 

.12 

7 

.35 

.32 

.27 

.23 

.20 

.18 

.16 

.14 

8 

.40 

.36 

.30 

.26 

.23 

.20 

.18 

.17 

9 

.45 

.41 

.34 

.29 

.26 

.23 

.20 

.19 

10 

.51 

.45 

.38 

.32 

.28 

.25 

.23 

.21 

Source:  Pennsylvania  Liquor  Control  Board,  1995. 
flNote:  Your  body  can  get  rid  of  one  drink  per  hour. 

h0.2-.04  = Impairment  begins;  .05-07  = Impaired  driving;  .08  and  greater  = Legal  intoxication 


absorption  and  metabolism.  Table  9.1  provides  a rough  esti- 
mate of  BAC  based  on  the  number  of  drinks  consumed  in  1 
hour  and  the  body  weight  of  the  individual,  assuming  the 
metabolism  of  approximately  1 ounce  per  hour. 

Chronic  alcohol  use  leads  to  both 
tolerance  and  physical  dependence 

Tolerance  The  effects  of  alcohol  are  significantly  reduced 
when  the  drug  is  administered  repeatedly;  hence,  tolerance 
occurs.  There  is  also  cross-tolerance  with  a variety  of  other 


drugs  in  the  sedative-hypnotic  class, 
including  the  barbiturates  and  the  ben- 
zodiazepines. Each  of  the  four  mecha- 
nisms that  we  described  in  Chapter  1 
contributes  to  alcohol  tolerance. 


1 . Acute  tolerance  occurs  within  a single 
exposure  to  alcohol.  Several  of  the  sub- 
jective and  behavioral  drug  effects  are 
greater  while  the  blood  level  of  alcohol 
is  increasing  and  are  less  while  the 
blood  level  is  falling  (Figure  9.6A). 
LeBlanc  and  colleagues  (1975)  found 
that  alcohol-induced  incoordination 
in  rats  was  50%  less  while  blood  levels 
were  falling  as  measured  by  the 
amount  of  time  off  a mini-treadmill 
during  a single  exposure  to  alcohol. 
Why  acute  tolerance  occurs  is  not 
entirely  clear,  but  some  rapid  adapta- 
tion of  neuronal  membranes  is  one 
possibility. 

2.  Chronic  alcohol  use  increases  both 
alcohol  dehydrogenase  and  the  P450 
liver  microsomal  enzymes  that  metab- 
olize the  drug.  More  rapid  metabolism 
means  that  blood  levels  of  the  drug 
will  be  reduced  (Figure  9.6B),  produc- 
ing diminished  effects  (drug  disposi- 
tion tolerance). 

3.  Neurons  also  adapt  to  the  continued 
presence  of  alcohol  by  making  compen- 
satory changes  in  cell  function.  The 
mechanism  of  this  pharmacodynamic 
tolerance  is  described  in  later  sections 
dealing  with  specific  neurotransmitters. 

4.  Finally,  there  is  also  clear  evidence  of 
behavioral  tolerance.  Rats,  like  hu- 
mans, seem  to  be  able  to  learn  to 
adjust  their  behaviors  when  allowed  to 
practice  while  under  the  influence  of 
alcohol  (Wenger  et  al.,  1981).  Al- 
though initially  unsuccessful,  rats  readily  learned  to 
run  on  a treadmill  despite  the  administration  of  alco- 
hol. Other  rats  given  the  same  amount  of  drug  each 
day  after  their  treadmill  session  showed  only  mini- 
mal improvement  when  tested  on  the  treadmill 
under  the  influence  of  alcohol.  That  small  amount  of 
improvement  may  have  been  due  to  drug  disposition 
tolerance. 

Classical  conditioning  may  also  contribute  to  behavioral  tol- 
erance. In  animal  experiments  alcohol  initially  reduces  body 
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(A)  Acute  tolerance 


a b c 

Figure  9.6  Tolerance  to  alcohol  (A)  After  three  doses  of  alco- 
hol (a,  b,  c),  signs  of  intoxication  (such  as  incoordination  in  the 
balance  beam  test)  appeared  during  the  rising  phase  of  blood 
alcohol  levels  at  about  0.20%.  However,  as  blood  alcohol  was 
declining,  the  human  subject  became  sober  at  a higher  con- 
centration (about  0.265%),  showing  that  acute  tolerance  had 
occurred.  Note  that  the  high  blood  levels  for  intoxication  reflect 
the  fact  that  the  subject  was  a chronically  heavy  user  of  alcohol. 


temperature,  but  when  the  drug  is  administered  repeatedly 
in  the  same  environment,  a compensatory  increase  in  body 
temperature  occurs,  which  reduces  the  initial  hypothermia 
(low  body  temperature).  If  these  animals  are  given  saline 
instead  of  alcohol  in  this  environment,  they  show  only  the 
compensatory  mechanism  and  their  body  temperature  rises 
(hyperthermia).  The  importance  of  environment  is  further 
demonstrated  by  evidence  that  in  a novel  environment  the 
tolerance  is  significantly  less  because  there  is  no  conditioned 
hyperthermia  (Le  et  al.,  1979). 

Physical  dependence  We  know  that  prolonged  use  of 
alcohol  produces  physical  dependence,  because  a significant 
withdrawal  syndrome  occurs  when  drinking  is  terminated. 
As  you  already  know,  the  intensity  and  duration  of  absti- 
nence signs  are  dependent  on  the  amount  and  duration  of 
drug  taking  (Figure  9.7).  In  addition,  alcohol  shows  cross 
dependence  with  other  drugs  in  the  sedative-hypnotic  class, 
including  barbiturates  and  benzodiazepines.  A quick  review 
of  Chapter  1 will  remind  you  that  withdrawal  signs  can  be 
eliminated  by  taking  the  drug  again  or  by  taking  any  drug  in 
the  same  class  that  shows  cross  dependence. 

Some  investigators  suggest  that  the  “hangover”  that 
occurs  after  even  a single  bout  of  heavy  drinking  may  in  fact 
also  be  evidence  of  withdrawal,  although  others  consider  it 


(B)  Drug  disposition  tolerance 


(B)  Blood  alcohol  levels  were  calculated  at  20-minute  intervals 
after  a test  dose  was  given  at  time  zero. The  blue  line  represents 
blood  levels  before  a 7-day  period  of  drinking;  the  red  line  shows 
blood  levels  in  the  same  person  after  7 days  of  drinking  (3.2 
grams  of  ethanol  per  kilogram  of  body  weight  per  day  in  individ- 
ual doses). Tolerance  following  repeated  alcohol  consumption  is 
shown  by  the  more  rapid  decrease  in  blood  alcohol.  (A  after 
Mirsky  et  al.,  1 941 ; B after  Goldstein  et  al.,  1 974.) 


Figure  9.7  Relationship  between  alcohol  dose  and  with- 
drawal severity  A linear  relationship  exists  between  the  total 
alcohol  dose  (amount  of  alcohol  consumed  multiplied  by  num- 
ber of  days  of  alcohol  exposure)  and  the  maximum  withdrawal 
response  at  abstinence  in  mice.  Withdrawal  response  was  calcu- 
lated based  on  standard  physiological  and  behavioral  meas- 
ures. (After  Goldstein,  1 972.) 


224  Chapter  9 


a sign  of  acute  toxicity.  Possible  explanations  for  hangover 
symptoms  include  residual  acetaldehyde  in  the  body;  alco- 
hol-induced gastric  irritation;  rebound  drop  in  blood  sugar; 
excess  fluid  loss  the  previous  night;  or  perhaps  toxic  effects 
from  congeners,  which  are  small  amounts  of  by-products 
from  fermentation  and  distillation  that  may  accumulate  after 
heavy  drinking.  The  classic  symptoms  of  hangover  are  rec- 
ognized by  many  social  drinkers  who  on  occasion  consume 
an  excess  of  alcohol.  Among  the  usual  signs  are  nausea  and 
perhaps  vomiting,  headache,  intense  thirst  and  dry  mouth 
that  feels  a bit  like  cotton  balls,  fatigue,  and  general  malaise. 

Withdrawal  from  repeated  heavy  drinking  over  months  or 
years  produces  an  intense  abstinence  syndrome  that  develops 
within  a few  hours  after  drinking  stops  and  may  continue 
over  2 to  4 days,  depending  on  the  dose  previously  consumed. 
Generally,  the  symptoms  include  tremor  (the  “shakes”)  and 
intense  anxiety,  high  blood  pressure  and  rapid  heart  rate, 
excessive  sweating,  rapid  breathing,  and  nausea  and  vomit- 
ing. A small  percentage  of  alcoholics  undergoing  withdrawal 
demonstrate  more-severe  effects  called  delirium  tremens,  or 
DTs.  Signs  of  DTs  include  irritability,  headaches,  agitation, 
and  confusion.  In  addition,  convulsions;  vivid  and  frightening 
hallucinations  that  include  snakes,  rats,  or  insects  crawling  on 
their  bodies;  total  disorientation;  and  delirium  may  occur. 
Some  of  the  withdrawal  signs,  such  as  unstable  blood  pres- 
sure, depression  and  anxiety  including  panic  attacks,  and 
sleep  disturbances,  may  last  for  several  weeks.  Since  the  most 
extreme  symptoms  are  potentially  life-threatening,  detoxifi- 
cation of  an  alcoholic  individual  (see  the  section  on  alco- 
holism later  in  the  chapter)  should  always  be  done  under 
medical  supervision.  The  syndrome  is  characteristically  a 
“rebound”  phenomenon  and  represents  a hyperexcitable  state 
of  the  nervous  system  following  the  prolonged  depressant 
effects  of  alcohol.  The  neuroadaptive  mechanisms  responsi- 
ble are  described  more  completely  later  in  this  chapter. 

Alcohol  affects  many  organ  systems 

Alcohol,  like  all  drugs,  produces  dose-dependent  effects  that 
are  also  dependent  on  the  duration  of  drug  taking.  Since  it 
is  so  readily  absorbed  and  widely  distributed,  alcohol  has 
effects  on  most  organ  systems  of  the  body.  As  you  read  this 
section,  keep  in  mind  that  there  is  no  evidence  that  light  to 
moderate  consumption  of  alcohol  is  harmful,  and  it  may 
even  have  some  minor  beneficial  effects.  However,  the  trans- 
ition from  moderate  to  heavy  drinking  that  leads  to  the 
chronic  intoxication  associated  with  alcoholism  is  a part  of 
the  same  dose-response  curve,  and  the  precise  point  at 
which  alcohol  becomes  damaging  is  not  clear  for  a particular 
individual. 

A second  thing  to  keep  in  mind  is  that  the  environment 
and  expectation  have  a great  influence  on  many  of  the  behav- 


ioral effects  of  alcohol.  A host  of  well-controlled  studies  clear- 
ly show  that  a subject’s  belief  that  alcohol  will  produce  relax- 
ation, sexual  desire,  or  aggression  may  have  far  more  effect  on 
the  individual’s  behavior  than  the  pharmacological  effects  of 
the  drug,  at  least  at  low  to  moderate  doses.  Pronounced 
behavioral  effects  occur  in  placebo  conditions  if  the  individ- 
ual believes  he  has  ingested  alcohol.  Refer  to  Box  9.2  for  a 
demonstration.  As  you  might  expect,  the  environment  plays 
less  of  a role  in  alcohol’s  effects  as  the  dose  increases. 

CNS  effects  As  is  true  for  all  the  drugs  in  the  sedative- 
hypnotic  class,  at  the  lowest  doses  an  individual  feels  relaxed 
and  less  anxious.  In  a quiet  setting  she  may  feel  somewhat 
sleepy,  but  in  a social  setting  where  sensory  stimulation  is 
increased,  the  relaxed  state  is  demonstrated  by  reduced  social 
inhibition,  which  may  make  the  individual  more  gregarious, 
talkative,  and  friendly  or  inappropriately  outspoken.  Self- 
perception and  judgment  are  somewhat  impaired,  and  one 
may  feel  more  confident  than  reality  proves  true.  Reduced 
judgment  and  overconfidence  may  increase  risk-taking 
behaviors  and  may  make  sexual  encounters  more  likely.  Of 
additional  concern  is  the  alcohol-induced  loss  of  judgment 
on  the  initiation  of  unsafe  sex  practices  that  may  lead  to 
increased  risk  of  AIDS  and  other  sexually  transmitted  dis- 
eases. In  a large  representative  sample  of  12,069  young  men 
and  women,  a significant  relationship  between  alcohol  use 
and  sexual  risk  taking  was  found  even  after  controlling  for 
age,  education,  and  family  income  (Parker  et  al.,  1994).  Since 
the  relationship  between  alcohol  use  and  unsafe  sex  is  corre- 
lational, no  clear  cause-and-effect  relationship  can  be 
assumed  and  other  factors  such  as  rebellion  against  societal 
expectations  may  be  responsible  for  both. 

Acute  effects  of  alcohol  on  memory  vary  with  dose  and 
task  difficulty  (Jung,  2001).  At  low  doses,  memory  deficits  are 
based  more  on  expectation  than  on  the  quantity  of  alcohol 
actually  consumed.  Further,  under  high-stress  conditions, 
alcohol  may  enhance  performance  by  minimizing  the  dam- 
aging effects  of  anxiety.  However,  high  doses  of  alcohol  rap- 
idly consumed  may  produce  total  amnesia  for  the  events  that 
occur  during  intoxication,  despite  the  fact  that  the  individ- 
ual is  behaving  quite  normally.  This^amnesia  is  called  a 
blackout,  and  it  is  a common  occurrence  for  alcoholics  but 
also  occurs  in  about  25%  of  social  drinkers  (Campbell  and 
Hodgins,  1993). 

Reduced  coordination  leads  to  slurred  speech,  impaired 
fine-motor  skills,  and  delayed  reaction  time.  Reductions  in 
reaction  times  for  multiple  stimuli  along  with  reductions  in 
attention,  increased  sedation  and  drowsiness,  and  impaired 
judgment  and  emotional  control  all  contribute  to  the 
increased  probability  of  being  involved  in  automobile  acci- 
dents. Alcohol  is  involved  in  about  half  of  all  highway  deaths, 
and  there  is  a distinct  temporal  pattern  of  high-risk  alcohol- 
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BOX  9.2 


Pharmacology  in  Action 


The  Role  of  Expectation  in  Alcohol-Enhanced 
Human  Sexual  Response 


One  problem  in  evaluating  the 
effects  of  alcohol  on  behavior  is  that 
individuals  have  expectations  about 
how  alcohol  will  affect  them.  It  is  fre- 
quently believed  (in  our  culture)  that 
alcohol  will  increase  sociability, 
reduce  anxiety  and  tension,  increase 
aggression,  and  enhance  sexual 
responses.  However,  many  of  the 
effects  of  alcohol,  especially  at  low 
doses,  are  due  to  the  individual's 
expectation  of  effect  more  than  the 
drug's  pharmacological  effect  (Mar- 
latt  and  Rohsenow,  1 980). 

As  you  probably  recall,  experi- 
ments measuring  drug  effects  have  at 
least  two  groups  of  subjects:  a drug 
treatment  group  and  a placebo  (non- 
drug) group  who  generally  assume 
they  are  also  receiving  the  drug.  Since 
both  groups  expect  to  receive  the 
drug,  any  difference  in  their  scores 
reflects  the  effect  of  the  drug  alone. 
However,  since  both  groups  believe 
they  are  getting  the  drug,  there  is  no 
direct  measure  of  the  extent  of 
expectancy.  A further  elaboration  of 
the  research  design  that  more  specifi- 
cally tests  the  role  that  expectation 
plays  is  a four-block  or  2 x 2 design 
(see  figure).  In  this  design,  half  the 
subjects  are  told  that  they  will  get 
alcohol  and  half  are  told  that  they  will 
get  placebo.  Half  of  each  of  the  two 
groups  will  actually  get  alcohol. Thus, 
there  are  two  groups  who  get  what 
they  are  expecting  and  two  groups 
who  are  deceived  and  receive  the 
opposite  treatment. 

In  order  to  be  effective,  these 
experiments  must  completely 
deceive  the  subjects,  which  includes 
providing  the  alcohol  in  a way  that  it 
cannot  be  detected,  such  as  combin- 
ing vodka  and  tonic  and  at  relatively 


low  doses.  In  addition,  subjects  must 
also  be  deceived  about  the  purpose 
of  the  experiment,  for  instance,  by 
being  told  they  are  involved  in  a taste 
test  of  either  different  vodkas  or  dif- 
ferent tonic  waters. 

Results  from  experiments  using 
the  2x2  design  support  the  hypoth- 
esis that  when  subjects  think  they 
have  received  alcohol,  their  behavior 
reflects  their  expectations  of  the  drug 
effect.  For  example,  in  one  study,  col- 
lege students  watched  erotic  videos 
showing  heterosexual  and  homosex- 
ual activity.  The  low  dose  of  alcohol 
administered  (0.04%)  did  not  have  an 
effect  on  physiological  arousal,  as 
measured  by  penile  tumescence,  but 
an  expectancy  effect  occurred.The 
group  expecting  to  receive  alcohol 
showed  more  physical  and  subjective 
arousal  than  the  group  that  did  not 
expect  to  receive  alcohol,  regardless 
of  whether  they  actually  received 
alcohol  or  not  (Wilson  and  Lawson, 

1 976b). This  seems  to  be  a case  when 
a drinker's  beliefs  about  the  effects  of 
a drug  become  a self-fulfilling 
prophecy  and  their  actions  match 
their  expectations. 

An  additional  way  to  isolate  phar- 
macological effects  from  expectation 
is  to  look  at  cross-cultural  studies. 
Those  of  us  who  drink  alcohol  or 
observe  others  drinking  may  believe 
that  alcohol  induces  our  amorous 
nature,  makes  us  more  sexually 
appealing,  and  enhances  our  basic 
sexuality.  But  does  it  really?  The 
observations  of  the  anthropologists 
MacAndrew  and  Edgerton  (1969)  say 
something  quite  different. They 
found,  for  example,  that  the  Camba  of 
Bolivia  are  a people  with  strong, 
almost  puritanical  taboos  regarding 


sexual  activities. When  intoxicated, 
they  become  extremely  gregarious 
and  outgoing,  maintaining  festivities 
long  into  the  night.  However,  regard- 
less of  the  revelry,  they  never  fail  to 
maintain  strict  sexual  limits.The 
Tarhumara  of  Mexico  also  strictly 
limit  sexual  encounters  under  normal 
conditions.  However,  when  they  are 
drunk,  mate  swapping  becomes  the 
norm  and  is  not  considered  inappro- 
priate. For  the  Lepcha  of  Sikkim,  sex  is 
the  primary  recreation  beginning  at 
age  10  or  1 1 and  continuing  through 
old  age.  Adultery  is  expected  and 
generates  no  ill  will.  Sex  is  an  open 
topic  for  conversation  and  humor. 
During  harvest  festival  time,  large 
amounts  of  homemade  liquor  are 
consumed  and  the  Lepchas' casual 
sexual  customs  become  wildly 
promiscuous  in  order  to  enhance  the 
harvest.  With  adult  encouragement, 
even  4-  and  5-year-olds  imitate  copu- 
lation with  each  other.  Nevertheless, 
their  very  strict  guidelines  regarding 
incest  taboos  are  never  broken  even 
when  the  Lepcha  are  quite  drunk. 

How  can  we  explain  experiences 
so  different  from  our  own?  Does  alco- 
hol have  a predetermined  biological 
effect  on  sexual  activity?  Or  does  it 
induce  disinhibition  only  within  the 
context  and  limits  of  a given  culture? 
How  do  our  cultural  expectations 
influence  the  effects  of  the  drug? 
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Day  of  the  week  and  time  of  day 


(B) 


BAC  (%) 

related  deaths  (Figure  9.8A).  In  addition,  there  is  a clear  sta- 
tistical relationship  between  BAC  and  the  relative  risk  of  an 
accident.  At  a BAC  below  0.05%,  the  chances  of  having  an 
accident  are  about  the  same  as  for  nondrinking  drivers,  but 
between  0.05%  and  0.10%,  the  curve  rises  steeply  to  seven 
times  the  nondrinking  rate.  It  is  this  large  increase  that  has 
prompted  most  states  to  change  their  blood  level  for  legal 
intoxication  from  0.10%  to  0.08%.  Beyond  0.10%,  risk 
increases  dramatically  by  20  to  50  times.  However,  the  rela- 
tionship is  complex,  and  BAC  interacts  with  both  age  and 
driving  experience  (Figure  9.8B).  Use  Table  9.1  to  estimate 
the  amount  of  alcohol  that  you  must  consume  in  1 hour  to 
reach  the  BAC  that  increases  risk. 

In  addition  to  involvement  in  automobile  fatalities,  alco- 
hol use  is  also  associated  with  homicide,  rape,  and  other  vio- 


Figure  9.8  Relationship  between 
alcohol  use  and  traffic  accidents 

(A)  The  number  of  fatal  auto  accidents 
varies  by  day  of  the  week,  time  of  day, 
and  alcohol  involvement.  Note  that 
alcohol-related  fatalities  peak  on  Friday 
and  Saturday  night  after  midnight  and 
that  on  other  days  the  accidents 
involving  alcohol  are  also  most  fre- 
quently late  at  night.  Nonalcohol-relat- 
ed fatalities  appear  to  be  greatest  dur- 
ing rush  hours  on  weekdays  and  just 
before  midnight  on  weekends.  (B)  The 
relationship  between  BAC  and  relative 
risk  of  auto  accidents  interacts  with 
several  factors,  including  age  of  the 
driver  and  years  of  driving  experience. 
Notice  that,  in  general,  alcohol  has  a 
less  detrimental  effect  on  driving  as 
drivers  get  older,  but  the  55-to-65-year 
age  group  is  similar  to  the  25-to-34- 
year  age  group,  which  may  indicate  an 
interaction  with  age-related  decreases 
in  reaction  time.The  rapid  rise  in  the 
number  of  accidents  at  BAC  over  0.1 0% 
has  prompted  many  states  to  reduce 
the  definition  of  legal  intoxication  from 
0.1 0%  to  0.08%.  (A  after  NIAAA,  1 983;  B 
after  OECD,  1978.) 

lent  activities,  although  the  direct  pharmacological  effect  of 
alcohol  is  less  clear.  Box  9.3  looks  at  this  relationship.  Aggres- 
sion and  many  of  the  other  effects  of  alcohol  on  behavior  are 
highly  dependent  on  the  environment,  the  user’s  mental  set, 
and  her  expectations. 

With  increasing  doses,  mild  sedation  deepens  and  pro- 
duces sleep.  Alcohol  suppresses  REM  (rapid  eye  movement) 
episodes  (periods  when  the  most  dreaming  occurs),  and 
withdrawal  following  repeated  use  produces  a rebound  in 
REM  sleep  that  may  interfere  with  normal  sleep  patterns  and 
produce  nightmares.  Higher  doses  produce  unconsciousness 
and  death.  The  blood  alcohol  level  that  is  lethal  in  50%  of  the 
population  is  in  the  range  of  0.45%,  which  is  only  about  five 
or  six  times  the  blood  level  (0.08%)  that  produces  intoxica- 
tion. Fortunately,  most  people  do  not  Teach  a lethal  blood 
level,  because  at  around  0.15%  vomiting  may  occur  and  a 
BAC  of  0.35%  usually  causes  unconsciousness,  thereby  pre- 
venting further  drinking.  However,  if  the  alcohol  is  con- 
sumed very  rapidly,  as  might  occur  in  binge  drinking,  lethal 
blood  levels  may  be  reached  before  the  individual  passes  out. 

The  usual  symptoms  of  alcohol  poisoning  include 
unconsciousness;  vomiting;  slow  and  irregular  breathing; 
and  skin  that  is  cold,  clammy,  and  pale  bluish  in  color.  When 
death  occurs  from  acute  alcohol  ingestion,  it  is  due  to  depres- 
sion of  the  respiratory  control  center  in  the  brain  stem.  Once 
the  respiratory  mechanism  is  depressed,  the  drinker  can  sur- 
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BOX  9.3 


Alcohol  and 
Aggression 


Alcohol  is  generally  believed  to  elicit 
violence  and  aggression.  Many 
reports  show  that  the  majority  of  indi- 
viduals who  commit  violent  offenses 
are  under  the  influence  of  alcohol  at 
the  time  of  the  crime.  One  1997  sur- 
vey reported  that  42%  of  state  prison- 
ers and  25%  of  federal  prisoners  who 
were  convicted  of  violent  crimes 
including  murder,  rape, and  assault 
had  used  alcohol  at  the  time  of  the 
incident.  In  one-half  to  two-thirds  of 
homicides,  the  offender,  victim,  or 
both  were  intoxicated.  Overall,  at  least 
50%  of  rape  cases  involve  alcohol.  In 
Pasadena,  California,  over  a 2-week 
period,  50%  of  all  arrests,  60%  of 
rapes,  and  more  than  50%  of  domes- 
tic assaults  involved  alcohol  (Jung, 
2001).  In  addition,  alcohol  intoxication 
is  significant  in  many  types  of  violent 
deaths  including  fire  (46%),  drowning 
(53%), and  pedestrian  deaths  (27%). 

Although  these  statistics  are  strik- 
ing, keep  in  mind  that  such  correla- 
tions do  not  constitute  evidence  that 
alcohol  pharmacologically  induces 
aggression.  In  our  society,  alcohol  and 
violence  frequently  occur  together, 
but  as  is  true  for  all  correlations,  no 
cause-and-effect  relationship  can  be 
assumed.  After  all,  drinking  alcohol 
may  lead  to  aggression,  but  behaving 
aggressively  may  produce  guilt  or  fear 
that  causes  drinking.  Or,  a third  factor 
may  be  responsible  for  both  behav- 
iors. For  instance,  a personality  factor 
such  as  impulsiveness  or  hyperactivity 
may  lead  one  to  be  more  aggressive 
and  may  also  lead  to  greater  alcohol 
consumption. 

Laboratory  studies  measuring  the 
tendency  to"punish"an  unseen  indi- 
vidual generally  show  that  alcohol 
increases  aggression  compared  to 
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controls.  However,  these  situations  are 
not  readily  generalizable  to  real-life 
situations  where  aggression  is  face- 
to-face  and  conducted  in  a complex 
setting.  Furthermore,  when  balanced 
placebo  designs  are  used,  the  role  of 
expectancy  (i.e.,a  subject's  believing 
he  received  alcohol)  on  aggression  in 
both  provoked  and  unprovoked  situa- 
tions is  more  important  than  whether 
the  individual  actually  receives  alco- 
hol (see  figure).  Finally,  cross-cultural 
studies  suggest  that  alcohol-induced 
aggression  is  not  a universal  occur- 
rence and  that,  in  contrast  to  other 
cultures,  many  Americans  view  being 
intoxicated  as  a legitimate  occasion 
for  aggressive  and  other  socially  inap- 
propriate behaviors. 

Chermack  and  Giancola  (1 997) 
provide  a model  to  show  the  multiple 
factors  that  may  interact  with  the 
pharmacological  effect  of  alcohol 
consumption  in  determining  the 
occurrence  of  violent  behavior.  Based 
on  this  model,  early  childhood  experi- 
ences may  set  the  stage  for  future 
aggressive  acts.  Psychiatric  disorders, 
current  mood,  expectancies  of  alco- 
hol's effects,  and  other  variables  inter- 
act with  alcohol  use  and  with  the 
immediate  situation  that  the  individ- 
ual finds  himself  in  (threat,  provoca- 
tion, personal  relationship). The  recip- 
rocal nature  of  these  factors  should 
be  clear.  For  example,  alcohol  may 
lead  to  misinterpretation  of  social 
cues  or  remarks  made  in  jest  as 
threatening,  which  may  influence 
aggression.  But  a threatening  or 
provocative  situation  may  also 
increase  alcohol  consumption. 

We  must  conclude  that  there  is  no 
simple  answer  to  the  question  of  why 
alcohol  use  and  violent  behaviors  are 
closely  correlated  in  our  society.  In  the 
meantime,  alcohol  use  does  not  justi- 
fy or  condone  illegal  or  violent  behav- 
ior, nor  does  it  diminish  personal 
responsibility  for  one's  actions. 
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Expectancy  of  alcohol  increases 
aggression  In  both  provoked  and  unpro- 
voked situations,  the  subjects  who  expect- 
ed to  receive  alcohol  delivered  stronger 
shocks  to  "punish"  an  unseen  individual 
than  those  who  expected  tonic  (regardless 
of  what  they  actually  received).  (After  Lang 
et  al.,  1975.) 
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TABLE  9.2  Blood  Alcohol  Concentration  and  Effects  on  Behavior 
BAC  Effects  on  behavior 

.02-03  Minimal  effects;  slight  relaxation;  mild  mood  elevation 

.05-06  Decreased  alertness;  relaxed  inhibitions;  mildly  impaired  judgment 

.08-  1 0 Loss  of  motor  coordination;  slower  reaction  times;  less  caution 

. 1 4-.  1 6 Major  impairment  of  mental  and  physical  control;  slurred  speech; 

exaggerated  emotions;  blurred  vision;  serious  loss  of  judgment; 
large  increases  in  reaction  time 

.20-25  Staggering;  inability  to  walk  or  dress  without  help;  tears  or  rage  with 
little  provocation;  mental  confusion;  double  vision 

.30  Conscious  but  in  a stupor;  unaware  of  surroundings 
.45  Coma;  lethal  for  50%  of  the  population 


vive  for  about  5 minutes,  although  brain  damage  from  oxy- 
gen deprivation  occurs.  Some  of  the  dose-dependent  effects 
of  alcohol  are  summarized  in  Table  9.2. 

Brain  damage  The  brain  damage  that  occurs  after  many 
years  of  heavy  alcohol  consumption  is  caused  by  the  inter- 
action of  several  factors,  including  high  levels  of  alcohol,  ele- 
vated acetaldehyde,  liver  deficiency,  and  inadequate  nutri- 
tion. In  particular,  heavy  alcohol  use  produces  a serious 
deficiency  in  vitamin  B1  (thiamine)  due  to  both  a poor  diet 
and  failure  to  absorb  that  vitamin  as  well  as  other  nutrients 
during  digestion.  Because  thiamine  is  critical  for  brain  glu- 
cose metabolism,  its  deficit  causes  cell  death.  One  result  is 
Wernicke-Korsakoff  syndrome,  which  in  its  first  stage  is 
characterized  by  confusion  and  disorientation  as  well  as 
tremors,  poor  coordination,  and  ataxia.  In  later  stages  the 
patient  shows  a significant  memory  disorder.  Although  the 
patient  remembers  the  remote  past,  he  remembers  almost 
nothing  of  what  goes  on  around  him.  He  may  read  the  same 
page  over  and  over,  repeatedly  ask  the  same  questions,  or  tell 
the  same  story.  Although  the  syndrome  is  progressive,  treat- 
ment with  massive  doses  of  vitamin  Bj  can  stop  the  degen- 
erative process  (if  alcohol  use  stops),  though  it  cannot 
reverse  it.  Wernicke-Korsakoff  syndrome  is  characterized  by 
bilateral  cell  loss  in  the  medial  thalamus  and  the  mammil- 
lary bodies  of  the  hypothalamus.  Although  nutritional 
deficits  are  not  the  sole  cause  of  the  disorder,  the  importance 
of  thiamine  to  the  degenerative  process  is  evident  in  animal 
studies.  Feeding  animals  with  a thiamine-deficient  diet  or 
treating  them  with  a thiamine  antagonist  produces  lesions 
in  the  same  brain  areas  and  also  impairs  learning  and  mem- 
ory (Langlais  and  Savage,  1995).  In  addition,  selective  brain 
lesions  like  those  of  Wernicke-Korsakoff  syndrome  are 
found  in  other  individuals  with  severe  nutritional  deficien- 
cies associated  with  gastrointestinal  diseases,  anorexia  ner- 
vosa, or  starvation. 

Although  thiamine  deficiency  causes  the  selective  damage 
described  in  the  previous  paragraph,  other  brain  areas  also 


frequently  show  cell  loss  that  seems  to  be 
unrelated  to  diet.  The  enlarged  ventricles 
seen  in  the  brains  of  alcoholics  attest  to  the 
extensive  shrinkage  of  brain  tissue  (Figure 
9.9A).  Exterior  views  of  alcoholic  brains 
compared  to  controls  also  show  smaller 
brain  mass  (Figure  9.9B).  Frontal  lobes  are 
the  most  affected,  and  this  may  be  responsi- 
ble for  the  personality  changes,  including 
apathy,  disinhibition,  and  diminished  exec- 
utive functioning  (ability  to  formulate 
strategies  and  make  decisions)  seen  in  alco- 
holics. The  tissue  shrinkage  that  occurs  in 
medial  temporal  lobe  structures,  including 
the  hippocampus  and  cholinergic  cells  in  the 
basal  forebrain,  contribute  to  memory  dis- 
turbances. Symptoms  that  implicate  the  hippocampus  and 
basal  forebrain  include  failure  to  remember  recent  events  or 
form  new  memories.  Cerebellar  cell  loss  is  correlated  with 
ataxia  and  incoordination,  particularly  of  the  lower  limbs. 
These  brain  changes  are  probably  caused  by  multiple  mech- 
anisms, but  the  glutamate-induced  hyperexcitability  of  neu- 
rons during  abstinence  (see  the  section  on  neurotransmitters 
later  in  the  chapter)  may  play  a central  role  (Fadda  and  Ros- 
setti, 1998). 


(A)  Alcoholic  Control 


Figure  9.9  Alcohol-induced  brain  damage  (A)  Brain 
images  of  an  alcholic  male  subject  and  a nonalcoholic  male. 
Note  the  extreme  difference  in  ventricle  size,  indicating  tissue 
shrinkage  in  the  alcoholic's  brain.  (B)  Exterior  views  of  the  brains 
(from  above).  In  the  alcholic,  the  gyri  are  more  narrow,  and  the 
sulci  and  fissure  between  the  hemispheres  are  very  enlarged, 
showing  significant  loss  of  tissue  volume.  (A  from  Pfefferbaum 
and  Sullivan,  2004;  B from  Sullivan, 2000.) 
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Effects  on  other  organ  systems  Alcohol  also  has  many 
effects  on  the  body  outside  the  CNS  including  the: 

• cardiovascular  system; 

• renal-urinary  system; 

• reproductive  system; 

• gastrointestinal  system;  and 

• liver. 

One  well-known  cardiovascular  effect  of  alcohol  is  the  dila- 
tion of  peripheral  blood  vessels,  which  brings  them  closer  to 
the  surface  of  the  skin  and  makes  an  individual  look  flushed 
and  feel  warm.  Of  course,  the  vasodilation  means  that  heat  is 
actually  being  lost  from  the  body  rather  than  being  retained. 
Although  the  myth  of  the  Saint  Bernard  dog  rescuing  strand- 
ed skiers  with  a keg  of  brandy  around  his  neck  is  widespread, 
in  reality,  drinking  alcohol  when  you  are  truly  cold  produces 
an  even  more  serious  drop  in  body  temperature.  In  cold  cli- 
mates, heavy  drinkers  who  fall  asleep  outside  risk  death  from 
hypothermia.  Within  the  brain,  vasodilation  may  help  cogni- 
tive function  in  older  adults.  At  the  end  of  a 6-year  period, 
researchers  found  that  people  55  years  and  older  who  con- 
sumed one  to  three  drinks  a day  were  less  than  half  as  likely  to 
have  developed  dementia  linked  to  poor  oxygen  supply  to  the 
brain  as  those  people  who  did  not  drink  at  all. 

In  addition  to  aiding  circulation,  low  to  moderate  daily 
doses  of  alcohol  (for  example,  less  than  three  drinks)  may 
reduce  the  risk  of  heart  disease,  because  it  increases  the 
amount  of  “good”  cholesterol  in  the  blood  while  reducing 
the  “bad”  (Gaziano  and  Hennekens,  1995)  and  seems  to 
reduce  the  incidence  of  blood  clots  and  stroke.  However,  the 
beneficial  effects  are  counteracted  when  consumption  is 
higher.  Alcoholism  is  associated  with  a higher-than-expected 
incidence  of  high  blood  pressure,  stroke,  and  inflammation 
and  enlargement  of  the  heart  muscle,  which  may  be  alcohol- 
induced  or  due  to  malnutrition  and  vitamin  deficiency. 

Alcohols  action  on  the  renal-urinary  system  produces 
larger  volumes  of  urine  that  is  far  more  dilute  than  normal. 
The  loss  of  fluids  is  caused  by  the  reduced  secretion  of  anti- 
diuretic hormone.  Although  this  is  not  normally  of  concern, 
alcohol  consumption  should  be  avoided  by  individuals 
involved  in  strenuous  athletic  activities  in  which  fluids  need 
to  be  maintained.  Further,  athletes  should  not  try  to  rehy- 
drate with  any  beverage  containing  alcohol. 

The  effect  of  alcohol  on  reproductive  function  is  complex. 
Alcohol  is  widely  believed  to  enhance  sexual  arousal  and 
lower  inhibitions.  However,  in  Box  9.2  you  saw  that  expecta- 
tion plays  a large  part  in  alcohols  effects  on  sexual  response. 
Furthermore,  we  need  to  distinguish  between  psychological 
arousal  and  physiological  response.  In  one  study,  male  college 
students  consumed  alcohol  to  achieve  BACs  of  0, 0.025, 0.050, 
or  0.075%  while  watching  an  erotic  film  (George  and  Norris, 
1991).  A plethysmograph  was  attached  around  the  penis  to 
measure  degree  of  erection  (both  rate  of  tumescence  and 
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Figure  9.1 0 Effects  of  alcohol  on  sexual  response  (A) 

Changes  in  male  sexual  response  occur  after  varying  amounts 
of  alcohol.  With  increasing  concentrations  of  blood  alcohol, 
both  the  rate  of  penile  tumescence  and  the  maximum  size 
achieved  decreased.  (B)  In  women,  increasing  blood  alcohol  lev- 
els were  directly  proportional  to  orgasmic  latency.  (A  after 
Farkas  and  Rosen,  1 976;  B after  Blume,  1 991 .) 


maximum  achieved)  during  the  film  viewing.  Figure  9.10A 
shows  that  low  doses  of  alcohol  enhanced  the  arousal  to  a 
small  extent,  but  higher  blood  levels  reduced  the  male  sexual 
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Figure  9.1 1 The  effects  of  chronic  alcohol  use  on  the  liver  Portions  of  a 
healthy  liver  (left),  fatty  liver  (center)  and  cirrhotic  liver  (right). 


response.  Parallel  studies  with  college  women 
measured  sexual  arousal  by  assessing  vaginal 
blood  pressure  or  orgasmic  latency.  Physio- 
logical measures  of  sexual  arousal  decreased 
with  increasing  alcohol  levels  (Figure  9.10B); 
however,  the  reported  subjective  arousal  was 
increased.  Although  laboratory  evaluations  of 
sexual  response  are  necessarily  artificial  and 
ethical  restraint  prohibits  testing  higher  levels 
of  alcohol,  research  in  general  supports  the 
inverse  nature  of  physiological  and  subjective 
arousal  with  low  to  moderate  alcohol  use. 

When  alcohol  use  is  heavy  and  chronic, 
males  may  become  impotent  and  show  atro- 
phy of  the  testicles,  reduced  sperm  produc- 
tion, and  shrinkage  of  the  prostate  and  semi- 
nal vesicles.  Alcoholic  women  often  experience 
disrupted  ovarian  function  and  show  a 
higher-than-normal  incidence  of  menstrual 
disorders. 

Alcohol  alters  gastrointestinal  tract  func- 
tion in  several  ways.  It  increases  salivation  and 
secretion  of  gastric  juices,  which  may  explain 
its  ability  to  increase  appetite  and  aid  digestion,  although  high- 
er concentrations  irritate  the  stomach  lining  and  long-term 
chronic  use  produces  inflammation  of  the  stomach  (gastritis) 
as  well  as  of  the  esophagus.  Heavy  alcohol  use  causes  diarrhea, 
inhibits  utilization  of  proteins,  and  reduces  absorption  and 
metabolism  of  vitamins  and  minerals. 

Among  the  most  damaging  effects  of  heavy  chronic  alco- 
hol consumption  is  liver  dysfunction.  Three  distinct  disor- 
ders may  develop.  The  first  is  fatty  liver,  which  involves  the 
accumulation  of  triglycerides  inside  liver  cells.  The  liver  nor- 
mally takes  up  and  metabolizes  fatty  acids  as  part  of  the 
digestive  process;  however,  when  alcohol  is  present,  it  is 
metabolized  first,  leaving  the  fat  for  storage.  The  condition 
produces  no  warning  symptoms  but  is  reversible,  so  if  drink- 
ing stops,  the  liver  begins  to  use  the  stored  fat  and  returns  to 
normal.  However,  some  individuals  who  have  abused  alco- 
hol for  many  years  develop  a serious  and  potentially  lethal 
condition  called  alcoholic  hepatitis.  Liver  cell  damage  is 
apparently  caused  by  accumulation  of  high  levels  of  acetalde- 
hyde (a  metabolite  of  alcohol  formed  in  the  liver).  Symptoms 
include  inflammation  of  the  liver,  fever,  yellowing  of  the  skin 
(jaundice),  and  pain.  The  death  of  liver  cells  stimulates  the 
formation  of  scar  tissue,  which  is  characteristic  of  alcoholic 
cirrhosis.  As  the  scar  tissue  develops,  blood  vessels  carrying 
oxygen  are  cut  off,  leading  to  further  cell  death.  Figure  9.11 
compares  pieces  of  normal  liver,  fatty  liver,  and  cirrhotic  liver 
from  an  alcoholic  individual.  Cirrhotic  livers  are  usually  firm 
or  hard  to  the  touch  and  develop  nodules  of  tissue  that  give 
them  a pebbly  appearance.  As  cirrhosis  continues,  liver  func- 
tion decreases  proportionately.  Consumption  of  large  quan- 


tities of  alcohol  over  a prolonged  period  of  time  is  necessary 
for  the  development  of  cirrhosis,  and  even  among  heavy 
drinkers,  only  10  to  20%  are  likely  to  develop  the  disease. 
However,  the  incidence  of  alcoholic  cirrhosis  has  increased 
over  the  last  10  years,  and  it  is  most  common  in  men 
between  40  and  60  years  of  age.  Although  the  liver  damage  is 
irreversible,  cessation  of  drinking  slows  the  rate  of  the  dam- 
age. For  severe  liver  damage,  the  most  effective  treatment  is 
liver  transplant  surgery. 

Section  Summary 

The  unique  physical  properties  of  alcohol  make  it  a drug  that 
is  readily  absorbed  from  the  GI  tract  and  distributed  to  most 
cells  of  the  body.  Absorption,  however,  is  highly  variable  from 
one  person  to  another  and  from  one  occasion  to  another, 
depending  on  the  amount  of  alcohol  consumed  and  the  indi- 
vidual’s stomach  contents  and  gender.  Metabolism  also  varies 
significantly  and  depends  on  two  metabolic  pathways,  one 
using  alcohol  dehydrogenase  and  the  second,  cytochrome 
P450.  The  most  pronounced  effects  of  alcohol  involve  alter- 
ations of  nervous  system  function,  causing  reduced  anxiety, 
disinhibition,  intoxication,  memory  impairment,  and  sleep. 
Higher  concentrations  lead  to  anesthesia,  coma,  and  death. 
Alcohol  has  effects  on  other  organ  systems  as  well,  increasing 
blood  circulation,  enhancing  fluid  loss,  diminishing  physical 
sexual  arousal  while  increasing  subjective  sexual  arousal,  and 
modifying  digestion.  Following  chronic  heavy  alcohol  use, 
significant  brain  damage  occurs,  leading  to  impaired  learn- 
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ing,  personality  changes,  reduced  executive  functioning,  and 
poor  coordination.  Chronic  alcoholism  also  impairs  normal 
sexual  function,  damages  the  liver,  and  increases  the  chances 
of  stroke  and  heart  muscle  enlargement. 

Multiple  forms  of  tolerance  develop  to  chronic  alcohol 
use,  as  does  cross-tolerance  with  other  sedative-hypnotic 
drugs.  Physical  dependence  is  manifested  by  an  abstinence 
syndrome  characterized  by  rebound  anxiety,  elevated  heart 
rate  and  blood  pressure,  and  nausea  and  vomiting.  More 
severe  withdrawal  following  higher  doses  may  produce  a 
potentially  fatal  hyperexcitability  of  the  nervous  system 
called  delirium  trernens. 

Neurochemical  Effects  of  Alcohol 

The  neurochemical  effects  of  alcohol  have  proven  more  dif- 
ficult to  examine  than  some  other  drugs.  One  important  rea- 
son is  the  chemical  nature  of  the  alcohol  molecule  that  not 
only  provides  the  means  for  easy  penetration  into  the  brain, 
but  more  importantly,  influences  the  phospholipid  bilayer 
of  neurons.  The  latter  action  has  a widespread  impact  on 
many  normal  cell  functions  and  also  modifies  the  action  of 
many  neurotransmitter  systems.  In  addition,  the  initial 
effects  of  alcohol  must  be  separated  from  the  neuronal 
changes  that  occur  after  long-term  drug  use.  For  these  and 
other  reasons,  research  using  animal  experimentation  is  par- 
ticularly important. 

Animal  models  are  vital  to  alcohol  research 

Animal  models  are  particularly  important  in  alcohol  stud- 
ies for  several  reasons.  First,  because  research  animals  are 
maintained  in  controlled  and  healthful  environments,  they 
eliminate  some  of  the  common  human  correlates  of  heavy 
alcohol  use:  poor  nutrition,  liver  damage,  associated  psychi- 
atric disorders,  and  use  of  multiple  drugs.  Second,  animal 
models  allow  us  to  use  methods  that  are  not  appropriate  for 
human  subjects.  For  example,  controlled  chronic  alcohol 
consumption  can  tell  us  about  the  long-term  damaging 
effects  on  body  functions  and  behavior  and  can  model  the 
effects  of  alcohol  withdrawal.  The  effects  of  prenatal  alcohol 
can  be  evaluated  independently  of  issues  such  as  maternal 
nutrition  and  substance  abuse.  Also,  invasive  procedures  can 
be  used  to  manipulate  and  measure  the  neurobiological  cor- 
relates of  intoxication,  reinforcement,  and  behavioral  effects 
of  alcohol. 

Third,  genetic  manipulations  are  possible.  When  large 
numbers  of  animals  (usually  mice  or  rats)  are  screened,  a few 
will  be  found  to  voluntarily  drink  large  quantities  of  alco- 
hol rather  than  water,  while  most  drink  little  of  the  ethanol 
solution.  Two  populations  of  animals  can  be  developed  by 
selectively  breeding  the  heaviest  drinkers  and  the  abstainers 


Generation  of  selective  breeding 


Figure  9.1 2 Average  daily  alcohol  consumption  for 
selected  generations  of  rats  bred  for  alcohol-preferring  (P) 
or  alcohol-nonpreferring  (NP)  behavior.  Males  and  females 
show  similar  alcohol  consumption.  (After  Stewart  and  Li,  1 997.) 


over  several  generations  (Figure  9.12).  Strains  of  alcohol- 
preferring  or  -nonpreferring  animals  may  model  human 
alcohol  consumption  and  abuse  and  can  be  used  to  study 
behavioral,  biochemical,  and  genetic  differences.  Animals 
can  be  bred  for  numerous  alcohol-related  characteristics 
including  sensitivity  to  alcohol,  intensity  of  withdrawal,  and 
so  forth.  A second  type  of  study  uses  genetically  altered  ani- 
mals that  fail  to  express  a particular  protein.  These  knock- 
out animals  are  used  to  evaluate  the  role  of  one  particular 
protein,  for  example,  a specific  receptor,  in  the  effects  of 
ethanol.  Fourth,  animal  models  serve  as  screening  tools  to 
evaluate  treatment  strategies.  Several  excellent  reviews  of 
animal  models  of  various  components  of  alcoholism, 
including  adolescent  onset,  tolerance,  abstinence,  and 
relapse,  are  available  for  further  study  (Stewart  and  Li,  1997; 
McBride  and  Li,  1998). 

The  operant  self-administration  model  used  to  evaluate 
the  reinforcing  effects  of  various  drugs  is  described  in  Chap- 
ter 4.  Self-administration  procedures  are  more  difficult  with 
alcohol  than  with  other  drugs  of  abuse  because  most  animals 
will  not  spontaneously  consume  enough  alcohol  to  produce 
intoxication.  However,  one  of  several  “training”  methods  can 
be  used  to  get  animals  to  self-administer  alcohol.  In  the  first, 
all  dry  food  is  presented  once  a day  during  the  drinking  ses- 
sion. Initially,  water  is  available,  but  gradually  increasing 
amounts  of  alcohol  are  added  over  a number  of  sessions. 
Finally,  food  presentation  occurs  at  a different  time,  but  the 
animals  continue  to  consume  the  alcohol.  Alternatively,  after 
operant  training  to  lever-press  for  a sucrose  solution,  the 
sucrose  is  gradually  reduced  in  concentration  and  alcohol  is 
gradually  substituted  until  the  animals  are  self-administer- 
ing high  levels  of  alcohol.  These  and  other  techniques  using 
rats  and  nonhuman  primates  are  described  by  Meisch  and 
Stewart  (1994). 
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Figure  9.1 3 Alcohol's 
effects  on  neuronal  mem- 
branes Alcohol  acts  at  both 
specific  and  nonspecific  sites, 
including  membrane  phos- 
pholipids, ligand-gated  chan- 
nels, and  second-messenger 
systems. 
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Alcohol  acts  on  multiple  neurotransmitters 

Because  alcohol  is  such  a simple  molecule,  it  readily  crosses 
cell  membranes,  including  the  blood-brain  barrier,  and  can 
be  detected  in  the  brain  within  minutes  after  consumption. 
Alcohol  has  both  specific  and  nonspecific  actions.  Nonspe- 
cific actions  depend  on  its  ability  to  move  into  membranes, 
changing  the  fluid  character  of  the  lipids  that  make  up  the 
membrane  (Figure  9.13).  As  you  might  expect,  the  protein 
molecules  that  are  embedded  in  that  membrane  are  likely  to 
function  differently  when  their  “environment”  changes  so 
dramatically  and  becomes  less  rigid.  In  contrast,  at  low  to 
moderate  doses,  alcohol  seems  to  interact  with  specific  sites 
on  particular  proteins,  and  these  specific  actions  are  proba- 
bly responsible  for  most  of  the  acute  effects  of  ethanol  at 
intoxicating  doses.  Alcohol  not  only  influences  several  lig- 
and-gated channels  but  also  directly  alters  second-messen- 
ger systems.  For  example,  ethanol  stimulates  the  G protein 
(Gs)  that  activates  the  cyclic  adenosine  monophosphate 
(cAMP)  second-messenger  system  (Figure  9.13,  step  7). 
Being  able  to  identify  specific  sites  of  ethanol  action  means 
that  ultimately  new  drugs  will  be  found  to  compete  with 
ethanol  to  prevent  particular  undesirable  effects. 

This  section  describes  the  acute  effects  of  alcohol  on  sev- 
eral neurotransmitters,  suggesting  possible  connections 
between  the  transmitter  action  and  specific  effects  of  alco- 
hol. In  addition,  it  examines  the  neuroadaptations  that  occur 
with  repeated  alcohol  use  as  they  link  to  tolerance  and 
dependence.  Throughout  this  discussion,  keep  in  mind  that 
no  neurotransmitter  system  works  in  isolation;  changes  in 
each  one  certainly  modify  other  neurotransmitters  in  an 
interdependent  fashion. 


Glutamate  As  you  may  recall  from  Chapter  7,  glutamate 
is  a major  excitatory  neurotransmitter  in  the  nervous  system 
and  has  receptors  on  many  cells  in  the  CNS.  Of  the  several 
subtypes  of  glutamate  receptor,  alcohol  has  its  greatest  effect 
on  the  NMDA  (N-methyl-D-aspartate)  receptor,  which  is  a 
ligand-gated  channel  that  allows  positively  charged  ions 
(Ca2+  and  Na+)  to  enter  and  cause  a localized  depolarization. 
Glutamate  action  at  NMDA  receptors  mediates  associative 
learning  (see  Chapter  7)  and  also  has  a role  in  the  damaging 
effects  of  excessive  glutamate  activity  (excito toxicity),  as  in 
the  case  of  prolonged  seizures  or  after  stroke.  Let  s look  at  the 
role  of  NMDA  receptors  in  several  effects  of  alcohol:  (1) 
memory  loss  associated  with  intoxication;  (2)  rebound 
hyperexcitability  associated  with  the  abstinence  syndrome 
after  long-term  use;  and  (3)  NMDA-mediated  excitotoxicity 
associated  with  alcoholic  brain  damage. 

Alcohol  acutely  inhibits  glutamate  neurotransmission  by 
reducing  the  effectiveness  of  glutamate  at  the  NMDA  recep- 
tor. These  effects  occur  at  concentrations  as  low  as  0.03%, 
blood  levels  normally  achieved  by  social  drinkers.  Alcohol, 
like  other  glutamate  antagonists,  impairs  learning  and  mem- 
ory, as  shown  in  studies  of  long-term  potentiation  (LTP)  and 
conditioning  (Fadda  and  Rossetti,  1998).  In  addition,  alcohol 
significantly  reduces  glutamate  release  in  many  brain  areas, 
including  the  hippocampus,  as  measured  by  microdialysis. 
Reduced  glutamate  release  in  the  hippocampus  is  correlated 
with  deficits  in  spatial  memory.  The  combination  of  tempo- 
rary inhibition  of  NMDA  receptors  by  alcohol  and  reduced 
glutamate  release  may  produce  the  amnesia  that  occurs  for 
events  that  take  place  during  intoxication  (i.e.,  the  blackouts 
so  typical  of  heavy  drinking)  (Diamond  and  Gordon,  1997). 
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Figure  9.1 4 Relationship  between  alcohol  withdrawal 
and  glutamate  release  Withdrawal  from  chronic  alcohol  in 
dependent  rats  increases  glutamate  (GLU)  release  in  the  stria- 
tum (A)  and  behavioral  rebound  withdrawal  hyperexcitability 
(B).The  time  course  of  the  two  withdrawal-related  events  is  very 
similar.  Experimental  animals  received  intragastric  delivery  of 
ethanol  at  intoxicating  concentrations  (2-5g/kg)  every  6 hours 
for  6 consecutive  days.  Control  animals  received  an  equally 
caloric  sucrose  solution.  On  day  7 the  ethanol  administration 
was  terminated  and  behavioral  testing  of  abstinence  signs  and 
simultaneous  microdialysis  collection  began.  (After  Fadda  and 
Rossetti,  1998.) 


In  the  adult  brain,  repeated  alcohol  use  leads  to  a neu- 
roadaptive  increase  in  the  number  of  NMDA  receptors  (up- 
regulation)  in  response  to  the  reduced  glutamate  activity. 


The  number  of  NMDA  receptors  in  both  the  cerebral  cortex 
and  hippocampus  is  elevated  in  human  alcoholics  as  well  as 
in  animal  models  of  chronic  alcohol  exposure.  In  addition, 
in  dependent  rats,  glutamate  release,  normally  inhibited  by 
alcohol,  is  dramatically  increased  at  about  10  hours  after 
withdrawal  of  alcohol.  The  time  course  (Figure  9.14A  and  B) 
of  the  CNS  hyperexcitability  and  the  seizures  that  are  typical 
of  the  alcohol  abstinence  syndrome  matches  the  pattern  of 
increased  glutamate  release  during  withdrawal.  Further,  there 
is  a strong  positive  correlation  between  the  magnitude  of 
glutamate  output  during  withdrawal  and  the  intensity  of 
abstinence  signs.  This  means  that  the  increased  glutamate 
acting  on  up-regulated  NMDA  receptors  may  be  one  neuro- 
chemical correlate  of  alcohol  withdrawal.  Additionally,  the 
elevated  glutamate  activity  during  withdrawal  causes  exces- 
sive calcium  influx,  which  contributes  to  cell  death.  Fre- 
quently experienced  withdrawal  may  be  responsible  for  some 
of  the  irreversible  brain  damage  described  earlier. 

Additionally,  studies  with  rats  show  that  maternal  BACs  as 
low  as  0.04%  during  the  last  trimester  of  pregnancy  impair 
NMDA  receptors  and  decrease  glutamate  release  in  the  new- 
borns. Unlike  in  the  mature  brain,  inhibition  of  glutamate  sys- 
tems in  the  fetus  may  disrupt  normal  development  and  result 
in  reduced  NMDA  receptors  in  the  adult.  It  is  reasonable  to 
suspect  that  a reduction  of  NMDA  receptors  is  related  to  sub- 
tle impairments  in  learning  and  memory  in  children  born  to 
alcoholic  mothers,  but  further  investigation  is  required. 

GABA  GABA  (y-aminobutyric  acid)  is  a major  inhibitory 
amino  acid  neurotransmitter  described  in  Chapter  7.  It  binds 
to  the  GABAa  receptor  complex  and  opens  the  chloride 
channel,  allowing  chloride  to  enter  the  cell  to  hyperpolarize 
the  membrane.  Many  of  the  classic  sedative-hypnotic  drugs 
(see  Chapter  17)  such  as  the  benzodiazepines  (e.g.,  Valium) 
and  the  barbiturates  (e.g.,  phenobarbital)  are  known  to 
enhance  the  effects  of  GABA  at  the  GABAa  receptor  by  bind- 
ing to  their  modulatory  sites  on  the  receptor  complex.  Since 
the  drugs  in  this  class  and  alcohol  produce  many  of  the  same 
actions  and  show  both  cross-tolerance  and  cross  depend- 
ence, it  is  not  surprising  to  find  that  alcohol  also  modulates 
GABA  function,  although  a specific  modulatory  site  on  the 
receptor  has  not  been  found. 

What  kinds  of  biochemical  and  electrophysiological  evi- 
dence suggests  that  alcohol  at  intoxicating  concentrations 
increases  GABA-induced  Cl~  flux  and  hyperpolarization? 
First,  picrotoxin  (which  blocks  the  Cl"  channel)  and  bicu- 
culline  (which  competes  with  GABA  for  its  receptor)  antag- 
onize both  the  hyperpolarization  and  some  of  the  behavioral 
effects  of  alcohol.  This  suggests  that  both  Cl“  conductance 
and  GABA  binding  to  the  receptor  are  necessary  for  alcohols 
effect.  Second,  manipulations  that  increase  GABA  (for  exam- 
ple, inhibiting  its  degradation)  also  increase  alcohol-induced 
behavioral  effects.  Likewise,  reducing  GABA  function  with 
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antagonists  reduces  signs  of  ethanol  intoxication  and  its 
antianxiety  effects  (Grobin  et  al.,  1998).  Third,  lines  of  mice 
bred  for  their  sensitivity  to  some  of  the  behavioral  effects  of 
alcohol  show  a relationship  between  the  ability  of  ethanol  to 
increase  GABA-induced  Cl"  entry  and  the  intensity  of  their 
response  to  alcohol.  Greater  incoordination  and  loss  of  right- 
ing reflex  in  vivo  corresponded  to  greater  alcohol-induced 
Cl“  influx  into  the  animals’  brain  preparations  in  vitro 
(Mihic  and  Harris,  1997). 

In  contrast  to  the  acute  GABA-enhancing  effects  of  alco- 
hol, repeated  exposure  to  ethanol  reduces  GABAA-mediated 
chloride  flux.  Also,  chronic  alcohol  makes  animals  more  sen- 
sitive to  seizure-inducing  doses  of  the  GABA  antagonist 
bicuculline.  We  might  expect  that  result,  since  it  should  take 
less  of  the  antagonist  to  reduce  GABA  function  because  it  has 
already  been  down-regulated  by  chronic  alcohol.  This  neu- 
roadaptive  mechanism  apparently  compensates  for  the  ini- 
tial GABA-enhancing  effect  of  alcohol  and  may  contribute 
to  the  appearance  of  tolerance  and  some  of  the  signs  of  with- 
drawal such  as  hyperexcitability,  seizures,  and  tremors. 
Because  benzodiazepines  also  lose  their  GABA-enhancing 
effects  at  the  receptor  in  mice  treated  chronically  with 
ethanol,  it  may  also  be  a mechanism  for  cross-tolerance  with 
the  other  sedative-hypnotic  drugs. 

It  seems  appropriate  to  once  again  mention  that  neuronal 
excitability  is  due  to  a balance  between  excitation  and  inhi- 
bition. Since  GABAergic  neurons  frequently  have  glutamate 
receptors  and  GABA  frequently  modulates  glutamate  release, 
the  compensatory  changes  in  each  of  the  neurotransmitter 
systems  may  reflect  an  interaction  of  the  two  (Fadda  and 
Rossetti,  1998). 

Dopamine  Evidence  from  biochemical,  electrophysiologi- 
cal,  and  behavioral  studies  suggests  that  the  dopaminergic 
mesolimbic  system  plays  a significant  role  in  the  reinforce- 
ment and  motivational  mechanisms  underlying  behaviors 
that  are  vital  to  survival  (see  Chapter  5).  The  pathway  begins 
in  the  ventral  tegmental  area  (VTA)  of  the  midbrain  and 
courses  rostrally  to  innervate  a number  of  limbic  structures, 
including  the  nucleus  accumbens  (NA)  and  the  central 
nucleus  of  the  amygdala  (Figure  9.15).  The  NA  is  particular- 
ly important  because  part  of  it  (the  shell)  belongs  to  a net- 
work of  structures  called  the  extended  amygdala,  which  is 
involved  in  integrating  emotion  with  hormonal  responses 
and  sympathetic  nervous  system  activity.  The  core  of  the  NA 
is  associated  with  the  striatum,  which  modulates  movement. 
The  afferents  to  and  efferents  from  the  NA  provide  a means 
for  combining  motivational  status,  emotional  content,  and 
motor  responses  (DiChiara,  1997).  Its  role  in  substance 
abuse  seems  to  be  in  supplying  the  primary  reinforcing  qual- 
ities that  lead  to  repeated  drug  use  and  may  help  to  explain 
why  alcohol  is  so  addictive  for  some  people. 

Increased  dopaminergic  transmission  in  the  mesolimbic 
pathway  occurs  in  response  to  the  administration  of  most 
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Figure  9.1 5 Dopaminergic  mesolimbic  and  mesocortical 
pathways  Mid  sagittal  view  of  dopaminergic  neurons  involved 
in  alcohol  reinforcement  and  withdrawal-induced  dysphoria. 
The  ventral  tegmental  area  (VTA)  is  the  origin  of  neurons  that 
innervate  the  nucleus  accumbens,  amygdala,  hippocampus 
(mesolimbic),  and  the  cortex  (mesocortical). 


drugs  of  abuse,  including  alcohol.  In  rats,  alcohol  consump- 
tion at  intoxicating  concentrations  increases  the  firing  rate 
of  dopaminergic  neurons  in  the  VTA  and  subsequently  ele- 
vates the  amount  of  dopamine  (DA)  released  in  the  NA,  as 
measured  with  microdialysis.  Rats  in  operant  chambers  self- 
administer  ethanol  directly  into  the  VTA,  which  presumably 
activates  those  cells  (probably  by  inhibiting  inhibitory  cells). 
Microinjection  of  dopamine  receptor  antagonists  into  the 
NA  reduces  (but  does  not  abolish)  the  self-administration  of 
ethanol  in  rats,  as  you  would  expect  because  alcohol-induced 
DA  release  is  ineffective  when  postsynaptic  receptors  are 
blocked. 

Since  alcohol  consumption  clearly  increases  mesolimbic 
cell  firing,  we  might  ask  how  alcohol  withdrawal  affects  the 
same  reward  pathway.  In  contrast  to  the  acute  effects,  when 
animals  have  been  allowed  to  consume  alcohol  in  a chronic 
fashion,  withdrawal  of  the  drug  dramatically  reduces  the  fir- 
ing rate  of  mesolimbic  neurons  and  decreases  DA  release  in 
the  nucleus  accumbens  (Diana  et  al.,  1993).  Figure  9.16 
shows  the  decrease  in  synaptic  DA  in  the  NA  as  well  as  the 
reduction  in  the  DA  metabolites  3,4-dihydroxyphenylacetic 
acid  (DOPAC)  and  homovanillic  acid  (HVA),  as  measured 
by  microdialysis  at  various  times  after  the  last  injection  of 
ethanol.  The  decrease  began  at  approximately  5 hours  after 
the  last  alcohol  administration  and  reached  a maximum  at 
around  10  to  12  hours.  The  same  animals  showed  behavioral 
signs  of  withdrawal  that  began  at  8 to  10  hours  and  contin- 
ued throughout  the  testing  period.  One  might  conclude  that 
the  behavioral  signs,  the  reduced  DA  outflow,  and  the 
reduced  mesolimbic  cell  firing,  which  were  all  reversed  by  a 
single  administration  of  alcohol,  may  represent  the  neurobi- 
ological  correlate  of  the  dysphoria  associated  with  the  alco- 
hol withdrawal  syndrome. 
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Time  from  last  injection  (h) 


The  reduction  in  mesolimbic  DA  is  also  reflected  in  a 
rebound  depression  of  reinforcement  mechanisms,  as  shown 
by  the  elevation  of  threshold  for  intracranial  stimulation.  Ele- 
vated thresholds  mean  that  more  electrical  current  is  needed 
to  activate  the  reinforcing  pathway  (i.e.,  reinforcement  is  less 
rewarding  than  it  was  during  the  initial  alcohol  use).  Figure 
9.17  shows  that  the  elevation  of  thresholds  reached  a maxi- 
mum at  6 to  8 hours  after  abrupt  withdrawal  and  disappeared 
by  72  hours.  This  down-regulation  of  the  neuronal  system 
that  mediates  reward  may  be  the  neuroadaptive  mechanism 
that  is  responsible  for  the  negative  emotional  signs  (dysphoria 
and  depression)  characteristic  of  withdrawal  from  many 
abused  substances,  including  psychostimulants  and  opiates  as 
well  as  alcohol  (Schulteis  et  al.,  1995). 

Although  the  release  of  DA  in  the  NA  may  be  instrumen- 
tal in  ethanol-induced  reinforcement,  alcohol  may  increase 


Figure  9.1 6 Dopamine  turnover  and  alcohol  withdrawal 

Microdialysis  collection  of  DA  and  its  major  metabolites,  DOPAC  and 
HVA,  in  the  nucleus  accumbens  of  rats  at  varying  times  after  ethanol 
withdrawal  shows  a significant  reduction  in  DA  turnover  compared  to 
control. The  bottom  graph  shows  the  development  of  abstinence  signs 
in  the  same  animals.  Note  the  similarity  in  time  course  of  biochemical 
measures  and  occurrence  of  behavioral  signs.The  alcohol  group 
received  intoxicating  doses  of  alcohol  every  6 hours  for  6 days  before 
withdrawal.  Control  animals  received  sucrose  of  caloric  value  equal  to 
the  alcohol. The  microdialysis  collection  of  extracellular  fluid  and  the 
behavioral  measures  of  abstinence  occurred  at  various  times  over  the 
1 2 hour  period  following  ethanol  withdrawal.  Withdrawal  scores  were  a 
composite  of  separate  measures  of  tremor,  vocalization  on  handling, 
bracing  posture,  rigidity,  and  others.  (After  Diana  et  al.,  1 993.) 


mesolimbic  firing  indirectly  secondary  to  its  enhancement  of 
other  neurotransmitter  action  in  the  VTA  such  as  GABA, 
acetylcholine,  serotonin,  or  endorphins.  Despite  the  appar- 
ent importance  of  the  dopaminergic  neurons,  almost  total 
destruction  of  the  mesolimbic  terminals  with  6-hydroxy- 
dopamine  (6-OHDA)  does  not  abolish  self-administration 
of  alcohol,  suggesting  that  other  dopamine-independent 
mechanisms  contribute  to  ethanol  reinforcement.  One  such 
mechanism  may  be  the  opioid  peptide  transmitters. 

Opioid  systems  A family  of  neuropeptides  (called  the 
endorphins)  that  have  opiate-like  effects  modulate  pain, 
mood,  feeding,  reinforcement,  and  response  to  stress,  among 
other  things  (see  Chapter  10).  The  opioids  also  contribute  to 
the  reinforcing  effects  of  alcohol.  Support  for  this  statement 


of  alcohol 

Figure  9.1 7 Rebound  depression  of  reinforcement  dur- 
ing withdrawal  After  alcohol  withdrawal  from  dependent  rats, 
a time-dependent  increase  in  the  current  thresholds  for  electri- 
cal brain  stimulation  occurs,  with  maximum  effect  at  6 to  8 
hours.The  increase  in  threshold  indicates  that  the  animals  need 
more  stimulation  to  achieve  reinforcement.  Note  that  the  x-axis 
is  not  a linear  scale.  (After  Schulteis  et  al.,  1 995.) 
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comes  from  three  types  of  studies  (Froehlich,  1997).  First, 
alcohol  enhances  endogenous  opioid  activity  in  both  rodents 
and  humans.  Acute  administration  of  alcohol  increases 
endogenous  opioid  (endorphin  and  enkephalin)  release  from 
brain  slices  and  pituitary  gland  in  vitro  and  also  increases 
blood  levels  of  opioids  in  humans  in  vivo.  Opioids  are 
released  into  the  blood  from  the  pituitary  gland.  Acute  alco- 
hol administration  also  increases  gene  expression  of  both 
endorphin  and  enkephalin  in  selected  brain  areas  of  rats, 
which  would  increase  the  amount  of  peptides  available.  In 
contrast,  chronic  alcohol  administration  reduces  gene  expres- 
sion, making  less  of  the  peptides  available  for  release.  In 
human  subjects,  chronic  alcohol  use  also  leads  to  reduced 
brain  levels  of  endorphin.  Since  the  release  of  DA  in 
mesolimbic  neurons  is  regulated  by  opioid  cells  in  both  the 
VTA  and  NA,  the  alcohol-induced  opioid  release  may  pro- 
duce reinforcement  by  modulating  dopamine  (Herz,  1997). 
The  reduced  opioid  levels  may  contribute  to  the  dysphoria 
that  accompanies  chronic  alcohol  use  and  withdrawal. 

Second,  if  alcohol-induced  enhancement  of  opioid  sys- 
tems is  at  least  partially  responsible  for  reinforcement,  then 
blocking  opioid  receptors  should  reduce  alcohol  consump- 
tion. Opioid  receptor  antagonists  like  naloxone  and  naltrex- 
one, which  compete  for  the  endogenous  opioid  receptors,  do 
significantly  reduce  alcohol  self-administration  in  animals. 
Antagonists  that  act  on  specific  subtypes  (|i  and  8)  of  opioid 
receptor  (see  Chapter  10)  also  reduce  operant  self-adminis- 
tration. Several  clinical  trials  of  opiate  antagonists  in  alcoholic 
patients  found  reduced  alcohol  consumption,  relapse,  and 
craving  as  well  as  a reported  decrease  in  the  subjective  “high.” 
(Further  discussion  can  be  found  in  the  section  on  alcoholism 


treatment).  Finally,  p-opioid  receptor  knockout  mice  fail  to 
self-administer  ethanol  and  in  some  experimental  conditions 
show  an  aversion  to  the  drug  (Roberts  et  al.,  2000). 

Third,  if  opioids  have  a role  in  reinforcement,  then  per- 
haps we  should  expect  to  see  a difference  in  the  opioid  sys- 
tems of  genetic  strains  of  animals  that  show  greater  or  less 
preference  for  alcohol.  In  rat  strains  that  have  been  genetical- 
ly bred  for  alcohol  preference,  endogenous  opioid  systems  are 
generally  more  responsive  to  the  effects  of  alcohol.  For  exam- 
ple, alcohol-preferring  rats,  when  compared  to  alcohol-non- 
preferring rats,  released  significantly  more  p-endorphin  from 
the  hypothalamus  when  infused  with  alcohol  in  vitro  and 
showed  enhanced  P-endorphin  gene  expression  in  the  pitu- 
itary. The  finding  that  alcohol-preferring  rats  have  higher 
baseline  levels  of  p-opioid  receptors  in  selected  limbic  areas, 
including  the  shell  of  the  NA  and  amygdala,  may  indicate  that 
those  animals  have  a lower- than-normal  opioid  function 
(leading  to  the  up-regulation  of  receptors).  A deficit  in  opi- 
oid function  might  predispose  animals  to  consume  alcohol  to 
compensate  for  those  deficits  and  hence  be  “alcohol  prefer- 
ring.” Indeed,  alcohol  consumption  is  reduced  in  animals 
after  moderate  and  high  doses  of  morphine,  suggesting  that 
alcohol  may  be  compensating  for  ineffective  opioid  transmis- 
sion (Herz,  1997).  The  fact  that  low  doses  of  opioids  increase 
rather  than  decrease  alcohol  consumption  has  been  consid- 
ered a “priming  effect” — enhancing  the  motivation  to  use 
alcohol.  However,  why  the  opioid  antagonists  reduce  alcohol 
consumption  is  far  more  difficult  to  explain  using  this  model. 

Other  neurotransmitters  Table  9.3  summarizes  some  of 
the  cellular  effects  of  alcohol  and  their  contribution  to 


TABLE  9.3  Role  of  Selected  Neurotransmitters  in  Cellular  and  Behavioral  Effects  of  Alcohol 


Neurotransmitter 

Acute  cellular  effects 

Chronic  cellular  effects 

Behavioral  effects 

Glutamate 

Receptor  antagonism  and 
reduces  release 

— 

Memory  loss 

— 

Up-regulation  of  receptors  and 
rebound  increase  in  release 

Rebound  hyperexcitability 
of  the  abstinence  syndrome 

— 

Extreme  hyperexcitability  and 
massive  Ca2+  influx  (rebound) 

Brain  damage 

GABA 

Acutely  enhances  GABA-induced 
Cl"  influx  to  hyperpolarize 

Sedative  effects:  anxiety 
reduction,  sedation,  incoordination, 
memory  impairment 

Neuroadaptive  decrease  in  GABA 
function  without  change  in 
receptor  number 

Tolerance  and  signs  of  hyper- 
excitability during  withdrawal 
(seizures,  tremors) 

Dopamine 

Acute  increase  in  transmission 
in  mesolimbic  tract 

— 

Reinforcement 

— 

Chronic  effects  show  reduced 
firing  rate,  release,  metabolism 

Negative  affect  as  a sign  of  withdrawal 

Opioids 

Acute  increase  in  endogenous 
opioid  synthesis  and  release 

— 

Reinforcement 

Neuroadaptive  decrease  in 
endorphin  levels 

Dysphoria 
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behavior.  Both  animal  and  human  studies  implicate  many 
more  interacting  neurotransmitter  systems  in  alcohol’s 
action  than  we  have  had  the  space  to  discuss.  The  effects  of 
acute  and  chronic  alcohol  administration  on  these  recep- 
tors are  responsible  for  the  changes  in  cell  signaling,  both 
rapid  ionotropic  and  slower  metabotropic  actions.  Second 
messengers  such  as  cAMP  and  their  cascade  of  effects  with- 
in the  cell  may  be  responsible  for  more  long-term  changes 
in  cell  function,  including  altered  gene  expression.  Further 
discussion  of  the  neurochemical  effects  is  beyond  the  scope 
of  this  chapter,  but  details  can  be  found  in  several  reviews 
(Diamond  and  Gordon,  1997). 

Section  Summary 

Animal  models  are  a critical  tool  in  evaluating  the  acute  and 
chronic  effects  of  alcohol  on  neurobiology.  In  addition,  the 
inbred  rodent  strains  and  the  gene  knockout  technique  pro- 
vide a springboard  for  human  gene  studies  of  alcohol  abuse. 
You  have  just  read  about  some  of  the  ways  that  ethanol 
modifies  synaptic  function  and  contributes  to  the  behav- 
ioral effects  of  intoxication,  memory  impairment,  rein- 
forcement, and  dependence.  Although  most  drugs  impact 
the  functioning  of  several  neurotransmitter  systems  because 
no  neuronal  system  operates  in  isolation,  the  multiple 
effects  of  alcohol  are  particularly  dramatic.  The  multiple 
effects  occur  because  the  drug  has  both  specific  actions  on 
receptor  or  channel  proteins  and  also  nonspecific  effects  on 
membrane  fluidity.  If  you  find  it  surprising  that  multiple 
neurotransmitters,  including  GABA,  dopamine,  glutamate, 
and  opioids,  affect  reinforcement,  consider  the  vital  contri- 
bution of  reward  to  the  survival  of  a species.  Certainly  any 
function  so  significant  must  have  multiple  redundant  cir- 
cuits. In  addition,  abnormally  low  levels  of  reinforcing  neu- 
rotransmitters in  some  individuals  may  be  responsible  for 
the  appeal  of  alcohol  and  other  abused  substances. 

Alcoholism 

Alcoholism  is  a serious  and  complex  phenomenon  that  con- 
sists of  psychological,  neurobiological,  genetic,  and  sociocul- 
tural factors  making  it  both  difficult  to  define  and  treat. 
Regardless  of  the  specific  definition,  it  damages  the  health 
and  well-being  of  the  individual  and  those  around  him. 
Financial  costs  of  alcoholism  are  huge  and  include  medical 
treatment  of  alcohol-induced  disease,  loss  associated  with 
accidents  on  the  road  and  at  work,  and  financial  disruption 
that  accompanies  the  breakdown  of  families.  Many  volumes 
have  been  written  about  alcohol  use  and  alcoholism  from 
various  points  of  view;  some  emotionally  evocative,  others 
based  on  theoretical  models,  or  empirical  research.  The  final 
section  of  this  chapter  represents  a brief  synopsis  of  some  of 
the  research  findings. 


Defining  alcoholism  and  estimating 
its  incidence  prove  difficult 

Chapter  8 describes  substance  abuse  and  dependence  in 
detail  and  identifies  the  criteria  used  by  professionals  to  diag- 
nose these  conditions.  In  addition,  the  chapter  provides  mul- 
tiple theoretical  models  of  substance  abuse  and  provides  a 
critique  of  each.  In  this  section  we  look  specifically  at  alco- 
holism, a form  of  substance  abuse  that  has  been  historically 
difficult  to  define  because  the  drug  is  legal  and  is  used  by 
most  individuals  in  a way  that  does  not  harm  themselves  or 
others.  For  the  layman,  a person  with  an  “alcohol  problem” 
may  be  anyone  who  drinks  more  than  he  or  she  does.  How- 
ever, it  is  hard  to  objectively  define  inappropriate  amounts 
of  alcohol  because  the  frequency  and  pattern  of  use  is  as  sig- 
nificant as  the  total  amount.  For  example,  consuming  five 
alcoholic  drinks  over  one  week’s  time  does  not  have  the  same 
physical  and  social  consequences  as  five  drinks  in  a row, 
which  is  the  usual  definition  of  binge  drinking.  An  alcoholic 
does  not  necessarily  have  to  start  each  day  with  a drink,  nor 
does  he  necessarily  drink  all  day  long,  but  he  may  drink  very 
heavily  periodically.  Instead  of  emphasizing  quantity,  diag- 
nosis of  alcoholism  depends  on  identifying  a cluster  of 
behavioral,  cognitive,  and  physical  characteristics.  For  the  cli- 
nician, the  essential  features  of  alcoholism  are  compulsive 
alcohol  seeking  and  use  despite  damaging  health  and  social 
consequences.  The  Diagnostic  and  Statistical  Manual  of  Men- 
tal Disorders  (DSM-IV)  (American  Psychiatric  Association, 
1994)  emphasizes  the  consequences  of  drinking  in  its  defini- 
tion of  alcohol  abuse,  which  precedes  alcohol  dependence 
and  is  both  less  severe  and  more  readily  reversible  (Table 
9.4).  Unfortunately,  because  other  groups  and  government 
agencies  use  different  criteria,  there  is  still  a great  deal  of  vari- 

TABLE  9.4  Diagnostic  Criteria  of  Substance 

Abuse  and  Substance  Dependence 

Substance  abuse  occurs  when  the  drug 

impairs  the  ability  of  the  individual  to  function  at  school,  at 
work,  or  in  the  home. 

causes  legal  problems  like  arrests  for  violence  or  driving 
under  the  influence. 

is  used  in  a dangerous  manner. 

is  used  despite  legal,  social,  or  medical  problems. 

Substance  dependence  occurs  when  the  drug  fulfills  the 
criteria  for  abuse  and  also  includes: 

development  of  tolerance; 

physiological  or  cognitive  signs  of  withdrawal  at  abstinence; 
frequent  desire  and  effort  to  reduce  drug  use; 

preoccupation  with  securing,  consuming,  and  recovering 
from  drug  use  so  that  most  daily  activity  is  directed  by  the 
drug. 

Source:  American  Psychiatric  Association,  1994. 


238  Chapter  9 


The  typical  alcoholic  American 


Homemaker  age  43 


Bncktayer  age  ,29  Computer  programmer  age  25  Lawyer,  age  52 


There’s  no  such  thing  as  typical.  We  have  all  kinds. 
10  million  Americans  are  alcoholic. 

It’s  our  number  one  drug  problem. 


Figure  9.1 8 A wide  variety  of  individuals  are  alcoholics. 

(Courtesy  of  the  National  Library  of  Medicine.) 


ability  in  how  professionals  use  the  terms  addiction , 
misuse , abuse , dependency ; and  problem  drinking. 

Many  modern  definitions  are  based  on  the  work 
of  Jellinek  (1960),  who  made  an  early  distinction 
between  “chronic  alcoholism,”  which  includes  the 
physical  and  behavioral  consequences  of  long-term 
alcohol  use,  and  “alcohol  addiction,”  which  is  char- 
acterized by  craving  and  lack  of  control.  In  addition, 

Jellinek  was  responsible  for  developing  the  disease 
model  of  addiction  to  replace  the  earlier  moral 
model,  which  emphasized  lack  of  willpower  and 
personal  weakness.  His  concept  meant  that  alco- 
holism would  be  treated  medically  and  nonjudg- 
mentally,  as  is  true  for  any  other  disease.  Once  the 
addiction  is  formed,  the  model  suggests,  the  indi- 
vidual no  longer  has  control  over  his  drug-taking 
behavior.  Although  most  treatment  in  the  United 
States  is  based  on  this  medical  model,  it  does  have 
many  critics. 

The  disparities  in  the  definition  of  alcoholism 
have  led  to  equally  large  differences  in  estimated 
incidence.  Although  you  may  think  of  an  alcoholic 
as  a poor,  aging,  homeless  individual  living  on  the 
street,  in  reality  there  is  no  such  thing  as  a typical 
alcoholic  (Figure  9.18).  Although  many  homeless 
individuals  do  suffer  from  a variety  of  psychiatric 
disorders  and  abuse  both  illicit  drugs  and  alcohol  at 
high  rates,  only  5%  of  alcoholics  fit  that  category. 

Based  on  the  U.S.  government’s  annual  survey  of 
drug  use,  the  most  commonly  accepted  statistic  is 
that  approximately  10%  of  Americans  have  some 
problem  with  alcohol  use  and  as  many  as  10.5  mil- 
lion adults  are  dependent  on  alcohol.  Significant 
gender  differences  exist  in  alcohol  use  and  abuse  for  all  age 
groups.  The  1998  National  Household  Survey  of  Drug  Abuse 
found  that  more  men  (58.7%)  than  women  (45.1%)  con- 
sume alcohol  to  some  extent.  Heavy  drinking  was  reported 
in  9.7%  of  men  and  2.4%  of  women.  Binge  drinking  was  also 
higher  in  men  (23.2%)  compared  to  women  (8.6%). 
Although  the  percentage  of  men  declined  on  most  drinking 
measures  during  their  30s,  women  had  higher  rates  on  some 
drinking  indices  between  age  30  and  40.  However,  by  age  60, 
the  indicators  of  problem  drinking  fell  into  the  single  digits 
for  both  genders  (Jung,  2000).  Although  problem  drinking 
drops  significantly  in  the  elderly,  the  problems  associated 
with  drinking  can  be  more  serious  because  of  drug  interac- 
tions and  medical  complications. 

A closer  focus  on  the  drinking  patterns  of  college  students 
might  be  appropriate,  since  there  has  been  a great  deal  of 
public  concern  regarding  student  accidents  and  fatalities 
recently.  Several  large-scale  studies  are  available  to  guide  you 
in  further  research  (Wechsler  et  al.,  1995a,  1995b).  Random 
sampling  of  students  at  both  a small  New  England  college 


and  a large  eastern  public  university  found  that  overall 
drinking  seems  to  have  declined  compared  to  1979.  About 
20%  of  the  sample  reported  alcohol  abstinence,  compared  to 
only  4%  in  the  earlier  surveys.  However,  heavy  drinking  did 
not  change,  remaining  at  around  20%,  and  at  least  25%  of 
the  population  reported  some  damaging  effects  on  academ- 
ic performance. 

Wechsler  and  colleagues  examined  binge  drinking  (i.e., 
consuming  five  drinks  in  a row)  in  a population  of  17,592 
students  at  140  colleges  and  universities.  Approximately  50% 
of  the  males  and  39%  of  the  females  reported  binge  drink- 
ing, half  of  whom  binged  three  or  more  times  in  a 2-week 
period.  Although  this  group  reported  a significant  number 
of  alcohol-related  problems  (Table  9.5),  only  1%  felt  they 
had  a drinking  problem.  Significant  variation  occurred 
across  campuses,  and  these  differences  were  reflected  in  the 
impact  of  binge  drinking  on  the  welfare  of  other  students. 
Students  who  were  not  heavy  drinkers  on  campuses  that  had 
the  highest  rates  of  heavy  drinkers  reported  significantly 
more  negative  experiences  associated  with  other  students’ 
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TABLE  9.5  Percentage  of  Binge  Drinkers  Reporting 
Alcohol-Related  Problems  Since  the 
Beginning  of  the  School  Year  by  Gender0 


Percentage6 


Alcohol-related  problem 

Women 

Men 

General  disorientation 

Have  a hangover 

81% 

82% 

Do  something  you  later  regret 

48% 

50% 

Forget  what  you  did 

38% 

41% 

Sexual  activity 

Engage  in  unplanned  sex 

26% 

33% 

Not  use  protection  before  sex 

15% 

16% 

Violence 

Argue  with  friends 

29% 

32% 

Damage  property 

6% 

24% 

Disciplinary  action 

Have  trouble  with  campus/local  police 

4% 

10% 

Personal  injury 

Get  injured 

14% 

17% 

Get  medical  treatment  for  overdose 

<1% 

1% 

School  performance 

Miss  a class 

42% 

45% 

Get  behind  in  schoolwork 

31% 

34% 

Source:  Wechsler  et  al.,  1995a. 

a Women  binge  drinkers  report  having  four  or  more  drinks  in  a row  at  least  once 
during  the  past  2 weeks.  Men  binge  drinkers  report  having  five  or  more  drinks  in 
a row. 

b Percentage  of  binge  drinkers  who  report  that,  since  the  beginning  of  the  school 
year,  their  drinking  has  caused  them  to  experience  each  problem  one  or  more  times. 


drinking,  including  vandalism,  violence,  theft,  and  unwanted 
sexual  advances.  Jung  (2001)  provides  a detailed  discussion 
of  student  drug  use  with  a strong  research  emphasis. 

The  causes  of  alcoholism  are  multimodal 

There  is  no  specific  cause  of  alcoholism,  but  a variety  of  fac- 
tors contribute  to  the  vulnerability  of  any  given  individual. 
It  is  quite  clear  that  multiple  factors  stem  from  three  essential 
areas:  (1)  neurobiological;  (2)  psychological;  and  (3)  socio- 
cultural (Figure  9.19).  Although  we  are  forced  to  discuss 
them  in  a linear  fashion,  keep  in  mind  that  complex  interac- 
tions exist  among  the  areas.  Because  the  literature  is  quite 
extensive,  this  section  will  provide  an  overview  and  suggest 
methods  for  research. 

Psychological  factors  Although  no  alcoholic  personality 
has  ever  been  defined,  one  vulnerability  factor  for  alcoholism 


is  the  response  to  stress.  Both  animal  and  human 
studies  show  an  interaction  between  both  acute  and 
chronic  stress  and  the  initiation  of  alcohol  use,  main- 
tenance of  drug  consumption,  and  relapse  after  with- 
drawal (Brady  and  Sonne,  1999).  Some  have  used  the 
term  symptomatic  drinking  to  describe  the  reinforc- 
ing effects  of  alcohol  when  stress  and  tension  are 
relieved.  The  individual  who  no  longer  drinks  as  part 
of  a social  occasion  but  drinks  each  day  after  work  to 
relieve  tension  is  an  example.  Whether  that  individ- 
ual escalates  to  alcoholism  depends  on  multiple  per- 
sonal, environmental,  and  genetic  factors. 

Novelty  seeking  may  also  increase  the  risk  for 
using  alcohol  and  other  drugs  of  abuse.  Bardo  and 
colleagues  (1996)  reviewed  extensive  literature  to 
show  that  exposure  to  novel  events  activates  the 
dopaminergic  mesolimbic  pathway  in  a manner  sim- 
ilar to  most  abused  substances.  Individual  differences 
in  the  need  for  novelty  and  drug- seeking  behavior  are 
under  genetic  control  and  may  explain  why  some 
individuals  experiment  with  drugs  initially  and  also 
why  some  more  readily  become  compulsive  users. 
Differences  in  the  need  for  stimulation  have  been 
applied  to  drug  and  alcohol  prevention  programs  that 
use  fast-paced,  physiologically  arousing,  and  uncon- 
ventional message  delivery  to  appeal  to  the  target 
audience. 

Neurobiological  factors  One  significant  neurobi- 
ological factor  in  alcoholism  is  genetic  vulnerability. 


Psychological  factors: 
personality,  stress, 
vulnerability,  novelty 


group  attitudes,  accessibility 

Figure  9.1 9 Three-factor  vulnerability  model  Biological, 
psychological,  and  sociocultural  influences  contribute  to  the 
development  of  alcohol  abuse. 
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Close  relatives  of  alcoholics  have  a three  to  seven  times 
greater  risk  for  alcoholism  than  the  general  population. 
Both  twin  and  adoption  studies  show  that  genetics  is  corre- 
lated with  vulnerability,  particularly  for  the  more  severe  type 
of  alcoholism.  In  adoption  studies,  the  risk  of  alcoholism  is 
higher  in  children  of  alcoholics  even  when  they  are  adopted 
into  nonalcoholic  families.  Alcoholism  concordance  rates 
are  higher  in  monozygotic  (54%)  compared  to  dizygotic 
(28%)  twins,  demonstrating  the  influence  of  genes, 
although  leaving  significant  variability  to  be  explained  by 
other  factors.  Overall,  genetics  explains  50  to  60%  of  the 
variance  of  risk  for  dependence  in  both  men  and  women, 
although  the  percentage  may  be  higher  for  some  types  of 
alcoholism  than  others.  The  heritability  of  alcohol  abuse  is 
less,  at  about  38%. 

To  help  with  genetic  analysis,  researchers  try  to  establish 
subgroups  of  alcoholics  based  on  a number  of  characteris- 
tics such  as  severity,  occurrence  of  withdrawal,  gender,  and 
so  forth.  Cloninger  (1987)  and  colleagues  proposed  a popu- 
lar categorization  called  type  I and  type  II  alcoholics  (Table 
9.6).  Type  I generally  begin  drinking  later  in  life  and  experi- 
ence guilt  and  fear  about  their  alcoholism.  These  individuals 
rarely  have  trouble  with  the  law  or  display  antisocial  activi- 
ties. Many  drink  to  escape  stress  or  unpleasant  situations  in 
their  environment.  Most  female  alcoholics  are  type  I, 
although  many  men  also  fit  this  description.  Type  II  alco- 
holics are  almost  always  male  and  display  thrill -seeking,  anti- 
social, and  perhaps  criminal  activities.  They  have  lower  cere- 
brospinal fluid  levels  of  the  serotonin  5-HT  metabolite 
5-HIAA,  a result  that  matches  the  human  and  animal  litera- 
ture regarding  impulsivity  and  suicide.  Type  II  have  a higher 
genetic  vulnerability  and  initiate  drinking  at  an  early  age. 

To  find  genetic  patterns  in  human  alcoholics,  several 
methods  are  available.  One  method,  called  linkage  studies, 
examines  the  inheritance  pattern  of  genes  using  DNA  analy- 


TABLE  9.6  Cloninger's  Alcoholic  Subtypes 


Characteristics 

Type  1 

Type  II 

Age  of  onset  (years) 

After  25 

Before  25 

Gender 

Male  and  female 

Male 

Extent  of  genetic  influence 

Moderate 

High 

Environmental  influence 

High 

Low 

Alcohol  used  as  escape 

High 

Low 

Alcohol  used  to  feel  good 

Low 

High 

Novelty-seeking  personality 

Low 

High 

Inability  to  control  drinking 

Infrequent 

Frequent 

Guilt  and  fear  about  alcohol 

Frequent 

Infrequent 

Aggressive/antisocial  action 

Infrequent 

Frequent 

Inability  to  stop  alcohol  use 

Infrequent 

Frequent 

sis  and  the  occurrence  of  alcoholism  in  many  members  of  a 
large  number  of  families.  Researchers  look  for  easily  identi- 
fied genetic  markers  and  determine  which  are  most  closely 
related  to  the  alcohol-associated  behaviors.  One  such  evalua- 
tion of  a Native  American  population  identified  two  poten- 
tial genes  for  alcoholism.  One  was  on  chromosome  lip  close 
to  the  genes  for  the  D4  dopamine  receptor  and  tyrosine 
hydroxylase.  The  second  was  on  chromosome  4p  near  the 
gene  for  the  GABAa  receptor  complex  (Enoch  and  Goldman, 
1999). 

The  case-control  method  compares  the  genes  of  unrelat- 
ed, affected  and  unaffected  individuals  to  see  if  the  affected 
population  have  more  of  a particular  form  (allele)  of  genetic 
material.  The  gene  does  not  necessarily  have  to  be  directly 
associated  with  the  disorder  but  may  be  a marker  associated 
with  a characteristic  that  increases  the  risk  of  developing 
alcoholism.  For  example,  specific  genes  control  the  manu- 
facture of  ALDH,  the  enzyme  that  converts  the  toxic  metabo- 
lite acetaldehyde  to  acetic  acid.  Since  individuals  with  the 
gene  for  the  inactive  form  of  the  enzyme  experience  unpleas- 
ant effects  when  drinking  alcohol,  they  have  essentially  no 
risk  for  alcoholism. 

An  additional  risk  factor  that  is  genetically  influenced 
(although  no  specific  gene  has  been  identified)  is  low  sensi- 
tivity to  alcohol.  Alcoholics  frequently  report  that  early  in 
their  drinking,  they  experienced  very  little  effect  of  alcohol 
unless  they  consumed  large  quantities.  Schuckit  (2000) 
measured  subjective  intoxication,  “sway  score”  when  bal- 
anced on  a straight  line,  and  hormonal  response  to  alcohol 
in  young  sons  of  alcoholics  compared  to  controls.  The  men 
who  later  developed  alcoholism  showed  a reduced  response 
to  moderate  levels  of  alcohol  for  each  of  the  measures  (Fig- 
ure 9.20).  More  importantly,  he  found  that  the  low  response 
rate  increased  the  risk  for  alcoholism  fourfold  regardless  of 
family  history  when  the  men  were  evaluated  8 years  later. 

Other  case-control  studies  have  looked  for  variants  in 
genes  involved  in  neurotransmitter  metabolism,  such  as 
receptor  subtypes,  synthesizing  enzymes,  and  reuptake  trans- 
porters. For  example,  a genetic  variant  of  the  5-HT  trans- 
porter is  associated  with  anxiety  and  with  low  sensitivity  to 
alcohol,  which  makes  affected  individuals  more  vulnerable 
to  developing  alcoholism. 

Identifying  an  alcoholism  gene  in  humans  has  not  been 
very  successful,  because  the  disorder  is  complex  and  highly 
variable  among  individuals.  Many  researchers  doubt  that 
there  is  a gene  specific  to  alcoholism  and  believe  that  the 
condition  may  share  genes  with  other  “compulsive”  behav- 
iors such  as  gambling,  eating  disorders,  and  substance  abuse. 

Rodent  models  are  extremely  important  to  the  evaluation 
of  the  genetic  contribution  to  isolated  drinking  behaviors. 
Researchers  use  selectively  bred  lines  of  animals  that  differ 
with  respect  to  alcohol-related  behaviors  such  as  withdrawal 
sensitivity,  alcohol  consumption,  and  alcohol-induced 
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(alcohol  postpeak  postpeak 

administered) 

Time  (h) 

Figure  9.20  Low  sensitivity  to  alcohol  is  a risk  factor  for 
alcoholism.  Subjective  assessment  of  "high"  and  sway  scores 
following  a moderate  dose  (0.75  ml/kg)  of  alcohol  in  men  who 
later  developed  alcohol  dependence  and  those  who  did  not. 
Those  vulnerable  to  alcoholism  showed  significantly  less 
response  to  the  same  dose  at  peak  blood  level  (1  hour)  and  1 
and  2 hours  after  the  peak.  N refers  to  number  of  subjects  test- 
ed in  each  group.  (After  Schuckit,  1 994.) 


hypothermia  to  search  for  clusters  of  genes  that  are  linked  to 
several  alcohol  behaviors.  A second  technique  uses  gene 
knockout  animals,  in  which  a particular  gene  is  selectively 
deleted,  before  evaluating  the  animal  behaviors.  For  exam- 
ple, 5-HT1B  receptor  knockout  mice  self- administer  twice  as 
much  alcohol  but  show  less  intoxication  and  less  evidence  of 
tolerance.  They  also  self-administer  cocaine  more  readily. 
When  the  dopamine  D4  receptor  is  knocked  out,  animals 
become  supersensitive  to  alcohol  as  well  as  to  cocaine  and 
amphetamine. 

Sociocultural  factors  Social  and  cultural  factors  mold  the 
changing  attitudes  about  drinking  as  well  as  the  definition  of 
problem  drinking.  Group  attitudes  also  determine  how 
much  alcohol  is  available  in  a particular  environment,  for 
example,  by  controlling  hours  of  sale,  public  consumption, 
and  advertising.  The  examination  of  cultural  influence  on 
drinking  was  pioneered  by  Bales  ( 1946),  who  suggested  that 
cultures  that  abstain  from  alcohol  use  or  restrict  it  to  reli- 


gious purposes  have  the  lowest  alcoholism  rates.  In  contrast, 
societies  that  engage  in  social  drinking  in  public  settings  and 
where  drinking  is  condoned  for  personal  reasons  such  as  ten- 
sion reduction  have  higher  alcoholism  rates.  The  importance 
of  cultural  influence  is  well  demonstrated  by  the  low  alco- 
holism rate  among  Muslims  and  Mormons,  two  groups  with 
religious  prohibitions  on  alcohol  use.  A low  rate  of  alco- 
holism also  occurs  in  Jewish  populations,  who  use  alcohol  in 
a religious  ceremonial  way  among  family  and  do  not  con- 
done intoxication. 

Levin  (1989)  contrasted  attitudes  in  two  Catholic  coun- 
tries, Italy  and  France,  both  of  which  produce  and  consume 
large  quantities  of  alcohol.  France  has  one  of  the  highest 
alcoholism  rates  in  the  world,  while  Italy  has  only  one-fifth 
the  incidence  as  France.  Among  the  differences  of  potential 
significance  is  that  the  French  do  not  disapprove  of  drunk- 
enness and  consider  refusal  of  alcohol  as  impolite.  They  also 
drink  both  wine  and  hard  liquor,  drink  with  meals  and  also 
in  other  contexts,  and  consume  alcohol  in  the  family  setting 
and  outside  of  it.  The  Italian  culture  disapproves  of  drunk- 
enness and  accepts  abstinence.  Their  alcohol  consumption  is 
primarily  wine  taken  with  meals  within  the  family.  Further 
discussion  of  cultural  influences  on  the  vulnerability  to  alco- 
holism can  be  found  in  several  sources,  including  McNeece 
and  DiNitto  (1998).  An  excellent  pictorial  article  by  Boyd 
Gibbons  (1992)  in  National  Geographic  describes  many  cul- 
tural differences  in  alcohol  use  and  abuse. 

The  most  obvious  conclusion  to  draw  from  our  discus- 
sion of  etiology  is  that  multiple  factors  contribute  to  alco- 
holism. The  neurochemical  effects  of  alcohol  and  genetic 
predisposition  to  heavy  drinking;  the  individuafs  personali- 
ty, cognitive  structure,  and  expectations;  and  social,  cultur- 
al, and  economic  variables  all  affect  the  use  of  alcohol  and 
vulnerability  to  alcohol  dependence. 

Multiple  treatment  options  provide 
hope  for  rehabilitation 

An  increasing  number  of  treatment  programs  for  alcoholism 
have  developed  over  the  last  few  years,  giving  alcoholics  more 
hope  for  recovery.  One  of  the  major  hurdles  in  treating  an 
alcoholic  is  getting  the  individual  into  a treatment  program. 
Denial  of  a problem  with  alcohol  is  a significant  characteris- 
tic of  alcoholics,  who  often  fail  to  recognize  that  alcohol  is 
the  source  of  their  problems  and  not  the  cure  for  them. 
Denial  by  the  alcoholic  is  often  aided  by  family  members  and 
friends  who  repair  the  damage  caused  by  the  drinker  and 
make  excuses  for  his  behavior.  These  people  are  called 
enablers,  since  they  enable  the  alcoholic  to  function  without 
getting  treatment.  The  alcoholic  frequently  needs  to  be 
coerced  into  treatment  by  spouses  threatening  separation 
and  loss  of  children,  employers  threatening  loss  of  employ- 
ment, and  the  legal  system  (arrests  and  jail  time). 
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The  first  step  in  treatment  is  detoxification,  because 
withdrawal  symptoms  are  strong  motivators  and  can  also  be 
physiologically  dangerous.  Under  medical  care,  detoxifica- 
tion involves  substituting  a benzodiazepine  such  as  chlor- 
diazepoxide  (Librium)  or  diazepam  (Valium).  These  drugs 
prevent  alcohol  withdrawal,  including  seizures  and  DTs.  The 
long-acting  nature  of  the  drugs  stabilizes  the  individual,  and 
as  the  dose  is  gradually  reduced,  withdrawal  symptoms  are 
minimized. 

Psychosocial  rehabilitation  After  detoxification,  psy- 
chosocial rehabilitation  programs  help  the  alcoholic  to  pre- 
vent relapse  by  abstinence  or  reduce  the  amount  of  alcohol 
consumed  if  relapse  occurs  (Fuller  and  Hiller-Sturmhofel, 
1999).  Several  programs  exist,  but  we  provide  only  a cursory 
survey  of  a few  of  them.  The  three  basic  types  include  indi- 
vidual and  group  therapy  to  provide  emotional  support  and 
address  psychological  and  social  problems  associated  with 
dependence,  residential  alcohol-free  treatment  settings,  and 
self-help  groups  such  as  Alcoholics  Anonymous  (AA).  All  of 
these  methods  reduce  alcohol  use  among  patients,  although 
the  relapse  rate  is  extremely  high.  Approximately  40  to  70% 
resume  drinking  after  one  year  (Finney  et  al.,  1996). 

AA  is  an  organization  in  which  all  members  are  alcoholics 
because  an  underlying  assumption  is  that  only  a peer  group 
is  able  to  understand  the  alcoholic  and  help  him  accept  his 
disorder  and  admit  his  powerlessness  over  it.  The  group’s 
emphasis  is  a spiritual  one  in  which  the  individual  relies  on  a 
“higher  power”  to  help  him  remain  sober. 

Other  self-help  groups  vary  dramatically  from  AA. 
Rational  Recovery  (RR),  begun  in  1990,  is  based  on  Albert 
Ellis’s  psychotherapeutic  approach  called  rational-emotive 
therapy.  The  focus  of  the  group  is  on  helping  the  individual 
to  get  rid  of  irrational  and  harmful  beliefs  and  emotions  so 
that  personal  goals  can  be  met  and  the  use  of  alcohol 
becomes  unnecessary.  In  this  case,  the  alcoholic  is  considered 
in  control  of  his  own  fate  and  needs  neither  spiritual  guid- 
ance nor  group  support  in  the  long  run. 

The  Community  Reinforcement  Approach  (CRA)  is  one 
of  the  top-ranked  treatment  methods  (Wolfe  and  Meyers, 
1999).  CRA  assumes  that  environmental  contingencies 
(rewards  and  punishers)  are  powerful  in  encouraging  drink- 
ing behavior  but  that  they  can  be  modified  to  become  pow- 
erful reinforcers  of  nondrinking  as  well.  If  a nondrinking 
lifestyle  is  more  appealing  than  a drinking  one,  the  alcoholic 
will  no  longer  turn  to  the  drug.  CRA  focuses  on  the  prob- 
lems (e.g.,  job  loss,  marital  issues)  as  perceived  by  the  alco- 
holic individual  and  helps  her  set  her  own  goals,  enhances  her 
motivation  to  achieve  the  goals,  and  teaches  the  skills  needed 
to  create  the  positive  lifestyle  she  desires. 

Pharmacotherapeutic  approaches  Pharmacotherapeutic 
treatment  for  alcoholism  includes  two  basic  strategies:  making 


alcohol  ingestion  unpleasant  or  reducing  its  reinforcing  qual- 
ities (Garbutt  et  al.,  1999;  Swift,  1999).  The  drug  disulfiram 
(Antabuse)  inhibits  ALDFI,  the  enzyme  that  converts  acetalde- 
hyde to  acetic  acid  in  the  normal  metabolism  of  alcohol.  An 
individual  who  drinks  as  little  as  a quarter  of  an  ounce  of  alco- 
hol within  a week  of  taking  disulfiram  experiences  a sharp  rise 
of  blood  acetaldehyde  accompanied  by  facial  flushing,  tachy- 
cardia, pounding  in  the  chest,  drop  in  blood  pressure,  nausea, 
vomiting,  and  other  symptoms.  This  method  is  clearly  aimed 
at  making  alcohol  ingestion  unpleasant.  Patients  must  be  cau- 
tious about  unknowingly  consuming  alcohol  in  beverages, 
foods,  over-the-counter  medications  like  cough  syrup,  or 
mouthwash.  Because  disulfiram  can  cause  hepatitis,  frequent 
liver  function  tests  must  be  done.  For  obvious  reasons,  com- 
pliance to  the  drug-taking  regimen  is  quite  low.  Disulfiram 
clearly  does  not  treat  alcoholism  but  may  act  as  a motivation- 
al aid  for  those  who  are  very  determined  to  avoid  alcohol. 
Unfortunately,  rigorous  double-blind  studies  show  little  dif- 
ference in  rates  of  abstinence  between  men  on  disulfiram  and 
controls. 

Naltrexone  is  an  opiate  receptor  antagonist  that  reduces 
alcohol  consumption  and  improves  abstinence  rates,  accord- 
ing to  a number  of  double-blind  studies  (Figure  9.21).  Pre- 
clinical  animal  studies  described  earlier  (in  the  section  on 
opioid  systems)  showed  that  (i-opioid  agonists  increase  alco- 
hol consumption  and  p-antagonists  decrease  it.  It  is  assumed 
that  naltrexone  reduces  the  positive  feelings  and  subjective 
“high”  of  alcohol  by  blocking  the  effects  of  alcohol-induced 
endorphin  release.  Social  drinkers  report  more  negative 
effects  and  greater  sedation  from  a moderate  amount  of  alco- 
hol when  taking  naltrexone.  The  effectiveness  of  naltrexone 


Figure  9.21  Effectiveness  of  naltrexone  in  alcoholism 
treatment  Naltrexone  along  with  coping  skills  therapy  is  more 
effective  in  preventing  relapse  than  placebo  and  therapy  over  a 
1 2-week  period.  At  1 2 weeks,  relapse  rates  were  approximately 
65%  for  the  placebo  group  compared  to  30%  for  the  naltrexone 
treatment  group.(After  O'Brien,  1 994.) 
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Figure  9.22  Acamprosate  prevents  withdrawal-induced 
glutamate  release. The  red  line  shows  the  rebound  release  of 
glutamate  (measured  by  microdialysis)  that  occurs  in  the  nucle- 
us accumbens  when  alcohol  is  withdrawn  from  dependent  rats. 
Alcohol-dependent  animals  who  are  withdrawn  from  alcohol 
but  receive  acamprosate  (purple  line)  are  no  different  in  gluta- 
mate release  from  non-alcohol  treated  controls.  (After  Dah- 
chourand  DeWitte,  2000.) 


is  most  pronounced  when  accompanied  by  counseling  aimed 
at  enhancing  individual  coping  skills  and  relapse  prevention. 

Acamprosate  is  one  of  the  newer  agents  available  for  the 
treatment  of  alcoholism.  Several  large,  well-controlled  stud- 
ies have  shown  that  acamprosate  increases  nondrinking  days 
by  30  to  50%  and  approximately  doubles  the  rate  of  absti- 
nence, even  though  most  patients  ultimately  return  to  drink- 
ing. The  drug  is  safe  and  produces  few  side  effects  except  for 
diarrhea.  Acamprosate  acts  as  a partial  antagonist  at  the  glu- 
tamate NMDA  receptor  and  significantly  blocks  the  gluta- 
mate increase  that  occurs  during  alcohol  withdrawal  in  rats 
(Figure  9.22),  which  may  explain  its  therapeutic  effects. 
Acamprosate  also  has  a chemical  structure  similar  to  GABA 
and  returns  basal  GABA  levels  to  normal  in  alcohol-depen- 
dent rats.  Its  ability  to  modify  the  functions  of  both  GABA 
and  glutamate  in  the  nucleus  accumbens  may  be  the  ultimate 
basis  for  its  efficacy  in  preventing  relapse. 

Other  available  drugs  have  been  tested  in  fewer  well-con- 
trolled trials,  but  they  have  generally  shown  disappointing 
results.  Serotonergic  agents  whose  effectiveness  is  predicted 
by  animal  studies  have  not  consistently  been  effective  in 
humans,  although  results  are  often  complicated  by  the  pres- 


ence of  depression  or  anxiety  disorders.  The  dopamine 
antagonist  tiapride,  sold  only  in  Europe,  reduces  the  symp- 
toms of  alcohol  withdrawal  and  increases  abstinence.  How- 
ever, in  at  least  one  clinical  trial,  compliance  was  an  issue  and 
only  about  half  the  subjects  completed  1 month  of  treatment 
(Shaw  et  al.,  1994). 


Section  Summary 

Alcoholism  is  a significant  substance  abuse  disorder  charac- 
terized by  compulsive  alcohol  seeking  and  continued  use 
despite  dangerous  consequences.  Approximately  10%  of 
Americans  have  problems  with  alcohol  use.  Men  are  several 
times  more  likely  to  abuse  alcohol  than  women,  and  also 
show  greater  incidence  of  binge  drinking.  Although  alcohol 
consumption  among  college  students  has  declined  according 
to  some  statistics,  the  number  of  heavy  drinkers  and  binge 
drinkers  remains  stable  at  20%,  although  there  is  a good  deal 
of  variability  depending  on  the  type,  location,  and  size  of  the 
school. 

Biological  factors  such  as  genetic  predisposition,  psycho- 
logical factors  including  vulnerability  to  stress  and  need  for 
novelty,  and  sociocultural  factors  determining  group  atti- 
tudes and  availability  of  alcohol  all  contribute  to  the  vulner- 
ability to  alcoholism  of  a given  individual.  A variety  of  treat- 
ment facilities  are  needed  to  deal  with  the  multimodal 
problem  of  alcoholism.  Alcoholics  Anonymous,  Rational 
Recovery,  and  the  Community  Reinforcement  Approach  are 
three  examples  of  psychosocial  rehabilitation.  Pharmacolog- 
ical treatments  include  disulfuram,  which  makes  drinking 
unpleasant;  naltrexone,  which  blocks  opioid-  and  perhaps 
dopamine-mediated  reinforcement;  and  acamprosate,  which 
restores  glutamate  and  GABA  to  normal.  Overall,  drug  ther- 
apy, especially  in  conjunction  with  psychosocial  therapy, 
seems  to  improve  the  outcome  of  alcoholism  treatment, 
although  total  abstinence  is  unlikely. 
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The  Opiates 


At  the  turn  of  the  twentieth  century,  advertisements 
encouraged  mothers  to  relieve  their  children's  teething  pain 
and  restlessness  with  opium  syrups. 


oments  after  the  arrival  of  the  ambulance,  a patient  was  rolled 
in  on  a stretcher  to  receive  almost  instant  care  by  the  emer- 
gency room  staff.  The  patient  was  about  24  years  old,  Cau- 
casian, and  unconscious.  Cardiac  monitor  leads  were  placed  on  his  chest  and 
oxygen  was  immediately  provided.  His  pulse  was  weak  and  his  blood  pres- 
sure extremely  low.  Heart  rate  and  respiration  rate  were  also  depressed.  The 
neurological  exam  revealed  extreme  pinpoint  pupils,  failure  to  respond  to 
pain,  and  no  response  to  verbal  instructions.  Although  he  was  rather  thin,  his 
appearance  was  otherwise  unremarkable  except  that  one  rolled-up  shirt 
sleeve  exposed  needle  track  marks  indicating  intravenous  drug  use.  The  triad 
of  coma,  pinpoint  pupils,  and  depressed  respiration  is  a strong  indicator  of 
opiate  poisoning,  and  physical  evidence  of  intravenous  drug  use  further  con- 
firms the  diagnosis. 

To  any  bystander,  death  seemed  imminent. 
Nevertheless,  0.8  mg  of  intravenous  naloxone 
(Narcan)  was  ordered  immediately.  Within  a 
minute  or  two  respiratory  rate  had  returned  to 
normal,  and  soon  after  the  young  man  was  alert 
enough  to  respond  to  a few  questions.  Although 
capable  of  walking  out  of  the  emergency  room, 
our  patient  was  convinced  to  remain  overnight 
for  further  observation  since  the  half-life  of 
naloxone  is  somewhat  shorter  than  that  of  hero- 
in and  he  might  need  a second  naloxone  infu- 
sion. How  does  a drug  like  heroin  produce  these 
potentially  fatal  effects?  And  what  kind  of  mira- 
cle cure  could  reverse  the  condition  so  quickly? 
Chapter  10  tells  you  more  about  heroin  and  the 
other  opiate  drugs  as  well  as  the  specific  opiate 
receptor  antagonist  naloxone. 
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Narcotic  Analgesics 

The  opiate  drugs  all  belong  to  the  class  known  as  narcotic 
analgesics.  These  drugs  reduce  pain  without  producing 
unconsciousness,  but  do  produce  a sense  of  relaxation  and 
sleep,  and  at  high  doses  coma  and  death.  As  a class  they  are 
the  very  best  painkillers  known  to  man.  In  addition  to  induc- 
ing analgesia,  opiates  have  a variety  of  side  effects  and  also 
produce  a sense  of  well-being  and  euphoria  that  may  lead  to 
increased  use  of  the  drugs.  Continued  use  leads  to  tolerance 
and  sometimes  physical  dependence.  In  contrast  to  anal- 
gesics, anesthetics  reduce  all  sensations  by  depressing  the 
central  nervous  system  (CNS)  and  produce  unconsciousness. 


The  opium  poppy  has  a long  history  of  use 

Opium  is  an  extract  of  the  poppy  plant  and  is  the  source  of  a 
family  of  drugs  known  as  the  opiates  or  sometimes  opioids. 
Opium  is  prepared  by  drying  and  powdering  the  milky  juice 
taken  from  the  seed  capsules  of  the  opium  poppy,  Papaver 
somniferum  (meaning  “the  poppy  that  causes  sleep”)  just 
before  ripening  (Figure  10.1).  When  the  capsules  are  sliced 
open,  the  juice  leaks  out  and  thickens  into  a red-brown 
syrupy  material.  In  its  crude  state  it  is  very  dark  in  color  and 
forms  small  balls,  called  “black  tar.”  Cultivation  of  the  opium 


Figure  10.1  Preparing  opium  The  unripe  opium  poppy 
capsule  has  been  sliced  and  the  crude  opium  is  dripping  from 
the  incision. 


poppy  has  been  successful  in  the  temperate  zones  as  far 
north  as  England  and  Denmark,  but  the  majority  of  the 
world’s  supply  comes  from  Southeast  Asia,  India,  China, 
Iran,  Turkey,  and  southeastern  Europe.  The  plant  grows  to 
about  3 or  4 feet  in  height  and  has  large  flowers  in  white, 
pink,  red,  or  purple.  This  variety  is  the  only  poppy  that  has 
significant  psychoactive  effects. 

The  opiates  have  been  used  both  as  medicine  and  for 
recreational  purposes  for  several  thousand  years.  As  early  as 
1500  B.C.,  the  Egyptians  described  opiates’  preparation  and 
medicinal  value.  Archeological  evidence  from  Cyprus  dated 
as  early  as  1200  b.c.  includes  ceramic  opium  pipes  and  vases 
with  poppy  capsules  for  decoration.  By  the  second  century 
A.D.,  the  famous  Greek  physician  Galen  prescribed  opium  for 
a wide  variety  of  medical  problems,  including  headache, 
deafness,  asthma,  coughs,  shortness  of  breath,  colic,  and  lep- 
rosy, among  others.  But  the  Greek  author  Homer,  in  The 
Odyssey ; refers  to  the  drug’s  recreational  properties  when  he 
describes  the  plant  as  eliciting  a feeling  of  warmth  and  well- 
being followed  by  sleep.  More  modern  use  began  in  Europe 
when  news  of  the  “miracle  cure”  was  brought  back  by  the 
religious  crusaders  from  the  Near  East.  Eating  or  smoking 
opium  was  accepted  in  Islamic  countries  such  as  Arabia, 
Turkey,  and  Iran,  where  it  replaced  the  consumption  of  alco- 
hol, which  was  prohibited.  By  1680  an  opium-based  medici- 
nal drink  was  introduced  by  the  father  of  clinical  medicine, 
the  English  physician  Thomas  Sydenham.  His  recipe  for  the 
drink  called  laudanum  (meaning  “something  to  be  praised”) 
included  “2  ounces  of  strained  opium,  1 ounce  of  saffron, 
and  a dram  of  cinnamon  and  cloves  dissolved  in  1 pint  of 
Canary  wine.”  Drinking  laudanum-laced  wine  was  the 
accepted  form  of  opium  use  in  both  Victorian  England  and 
America,  especially  among  women,  who  considered  it  far 
more  respectable  than  “common”  alcohol  use.  Laudanum 
was  also  a common  ingredient  of  many  popular  remedies  for 
a wide  variety  of  problems  including  teething  pain  and  rest- 
lessness in  infants,  muscle  aches  and  pains,  and  alcoholism. 
Right  up  to  the  turn  of  the  twentieth  century,  opium-con- 
taining products  with  names  such  as  “A  Pennyworth  of 
Peace,”  “Mrs.  Winslow’s  Soothing  Syrup,”  and  “White  Star 
Secret  Liquor  Cure”  could  be  ordered  through  the  Sears, 
Roebuck  and  Co.  catalog  for  about  $4  a pint  (Figure  10.2). 

In  nineteenth-century  America,  neither  the  federal  gov- 
ernment nor  individual  states  chose  to  control  the  availabil- 
ity and  advertising  of  drugs  such  as  opium  and  cocaine. 
There  was  clearly  no  significant  concern  about  safety,  long- 
term health  issues,  or  dependence.  Finally,  in  1914,  the  Har- 
rison Narcotics  Act  was  passed,  which  required  physicians  to 
report  their  prescriptions  for  opiates.  Only  in  the  1920s  did 
the  Supreme  Court  broadly  interpret  the  Harrison  Act  to 
limit  prescriptions  to  medical  use,  making  it  illegal  to  pro- 
vide opiates  for  addicted  individuals  or  recreational  use. 
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LAUDANUM. 


(Tlnct.  Opium.) 


Sid  young. 

O.D1581 


Strength.  Directions  on  each  bottle  for  old 

1 ox.  bottle,  10c;  per  dox 91.10 

2 oz.  bottle.  18c;  per  doz 2.00 

4 ox.  bottle,  28c;  per  doz 8.00 


BORIC 


SOU  IV 


AM  CttfC 

crncw  ILL 


PAREGORIC. 


ALWAYS  USEFUL. 

BOTH  FOR  CHILDREN  AND  ADULTS. 


Fall  directions. 

No. D1582  2 oz.  bottle,  12c;  per  doz.. 

4 oz.  bottle,  18c;  per  doz. 


•1.25 
, 1.75 


Figure  1 0.2  Mail  order  advertisement  for  opium  prepa- 
rations to  treat  pain  and  cough  (laudanum)  and  diarrhea  (pare- 
goric) from  the  1 897  Sears,  Roebuck  and  Co.  catalog. 


Minor  differences  in  molecular  structure 
determine  behavioral  effects 

The  principal  active  ingredient  in  opium  was  called  morphine, 
after  the  Roman  god  of  dreams,  Morpheus,  and  it  was  first  iso- 
lated in  the  early  1800s  by  a German  chemist.  In  addition  to 
morphine,  opium  contains  other  active  ingredients  including 
codeine,  thebaine,  narcotine,  and  others.  Although  morphine 
was  isolated  from  opium  in  the  early  1800s,  the  structure  of 
morphine  was  not  identified  until  1925  (Figure  10.3).  The  nat- 


CH 


II 

CH2 


Figure  1 0.3  Molecular  structure  of  morphine,  codeine, 
heroin,  and  naloxone  highlighting  the  similarities  in  structure. 
The  minor  differences  contribute  to  effectiveness  and  side  effects. 


urally  occurring  opiate  codeine  is  identical  in  structure  to 
morphine  except  for  the  substitution  of  a methoxy  ( — OCH3) 
for  a hydroxyl  ( — OH)  group.  This  small  molecular  difference 
produces  a drug  that  has  less  analgesic  effect  and  fewer  side 
effects  than  morphine  but  is  still  a potent  cough  suppressant. 
It  was  exciting  for  pharmacologists  to  discover  that  simple 
modifications  to  the  morphine  molecule  produce  great  varia- 
tions in  potency,  duration  of  action,  and  oral  effectiveness.  In 
many  cases  these  differences  are  due  to  differences  in  pharma- 
cokinetics rather  than  intrinsic  activity.  For  example,  heroin 
was  manufactured  by  adding  two  acetyl  groups  onto  the  mor- 
phine molecule.  This  drug  was  developed  by  the  Bayer  Com- 
pany to  be  more  effective  in  relieving  pain  without  the  danger 
of  addiction.  Today  we  know  that  the  pharmacological  effects 
of  morphine  and  heroin  are  essentially  identical  because  hero- 
in is  converted  to  morphine  in  the  brain.  Heroin  is,  however, 
two  to  four  times  more  potent  when  injected  and  faster-act- 
ing because  the  change  in  the  molecule  makes  the  drug  more 
lipid  soluble  and  allows  it  to  get  into  the  brain  much  more 
quickly  to  act  on  receptors  there.  When  taken  orally,  morphine 
and  heroin  are  approximately  equal  in  potency.  The  very  rapid 
action  of  heroin  is  apparently  also  responsible  for  the  dramat- 
ic euphoric  effects  achieved  with  that  drug. 

Some  of  the  modifications  to  morphine’s  molecular 
structure  produce  partial  agonists,  which  are  drugs  that 
bind  readily  to  (i.e.,  have  a high  affinity  for)  the  receptors  but 
produce  less  biological  effect  (i.e.,  low  efficacy).  Therefore, 
when  administered  alone  they  produce  partial  opiate  effects, 
but  when  given  along  with  an  opiate  that  has  higher  effec- 
tiveness they  compete  for  the  receptor  and  subsequently 
reduce  the  action  of  the  more  effective  drug. 

Other  chemical  modifications  of  the  morphine  molecule 
produce  pure  antagonists  such  as  naloxone  and  nalorphine. 
These  are  drugs  that  have  structures  similar  to  those  of  the 
opiates  but  produce  no  pharmacological  activity  of  their  own 
(i.e.,  no  efficacy).  The  receptor  antagonists  can  prevent  or 
reverse  the  effect  of  administered  opiates  because  of  their 
ability  to  occupy  opiate  receptor  sites.  As  you  saw  in  the  open- 
ing paragraphs  of  this  chapter,  intravenously  administered 
naloxone  can  revive  an  unconscious  individual  in  a matter  of 
seconds;  it  can  reverse  all  of  the  opiate  effects  and  save  the 
lives  of  those  brought  to  the  emergency  room  after  opiate 
overdose.  Specific  receptor  antagonists  are  also  important  for 
understanding  the  mechanism  of  action  of  opiate  analgesics 
(see  the  section  on  opiate  receptors  later  in  the  chapter). 

Some  opioid  drugs  have  the  unusual  characteristic  of 
being  mixed  agonist-antagonists.  That  is,  they  are  effective 
agonists  at  some  opioid  receptors  but  act  as  antagonists  at 
others.  As  you  will  learn  a bit  later,  the  three  principal  types 
of  opiate  receptors  (p,  8,  and  k)  mediate  different  opiate 
actions.  The  prototypic  agonist-antagonist  is  pentazocine 
(Talwin),  but  others  in  this  category  are  nalbuphine 
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Figure  1 0.4  Relationship  of  selected 
natural  and  synthetic  opiate  drugs 
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(Nubain)  and  buprenorphine  (Buprenex).  Although  as  anal- 
gesics they  are  much  less  potent  than  morphine,  they  do  not 
cause  significant  respiratory  depression  or  constipation  and 
they  have  a reduced  risk  for  dependence.  While  some  nar- 
cotic drugs  are  considered  semisynthetic  because  they 
require  chemical  modifications  of  the  natural  opioids  (e.g., 
hydromorphone  [Dilaudid]),  others  are  entirely  synthetic 
and  may  have  quite  distinct  structures  (e.g.,  propoxyphene 
[Darvon],  meperidine  [Demerol]).  The  relationship  of  the 
major  opiates  and  some  of  their  derivatives  as  well  as  some  of 
the  synthetic  opiates  is  shown  in  Figure  10.4. 

Bioavailability  predicts  both  physiological 
and  behavioral  effects 

When  morphine  is  administered  for  medical  purposes,  it  is 
usually  injected  intramuscularly  or  given  orally.  Oral  admin- 
istration is  convenient  but  produces  more  variable  blood  lev- 
els for  the  reasons  discussed  in  Chapter  1.  Recreational  users 
often  smoke  opium  for  its  rapid  absorption  from  the  lungs, 
although  “snorting”  heroin  also  leads  to  rapid  absorption 
through  the  nasal  mucosa.  In  addition,  subcutaneous  admin- 
istration (“skin  popping”)  may  precede  the  more  dangerous 
“mainlining”  (intravenous  injection). 

Although  morphine  has  pronounced  psychoactive  effects, 
only  a small  fraction  of  the  drug  is  capable  of  crossing  the 
blood-brain  barrier  to  act  on  opiate  receptors  in  the  brain. 
Opiate  distribution  is  fairly  uniform  in  the  rest  of  the  body, 
and  the  drugs  easily  pass  the  placental  barrier,  exposing  the 
unborn  child  to  high  levels.  The  newborn  of  an  opiate-addict- 
ed mother  suffers  withdrawal  symptoms  within  several  hours 
after  birth,  which  may  have  severe  consequences  for  the  infant, 
especially  if  the  child  is  weak  from  inadequate  prenatal  nutri- 
tion. However,  infants  are  readily  stabilized  with  low  doses  of 
opiates  to  prevent  abstinence  signs,  and  the  dose  is  gradually 
reduced.  Following  metabolism  in  the  liver,  most  of  the  opi- 
ate metabolites  are  excreted  in  the  urine  within  24  hours. 


Opioids  have  their  most  important  effects  on 
the  CNS  and  on  the  gastrointestinal  tract 

The  multiple  effects  of  morphine  and  other  opioids  on  the 
CNS  are  dose-related  and  also  related  to  the  rate  of  absorp- 
tion. At  low  to  moderate  doses  (5  to  10  mg),  pain  is  relieved, 
respiration  is  somewhat  depressed,  and  pupils  are  constrict- 
ed. The  principal  subjective  effects  are  drowsiness,  decreased 
sensitivity  to  the  environment,  and  impaired  ability  to  con- 
centrate, followed  by  a dreamy  sleep.  Because  opiates  have 
actions  in  the  limbic  system,  some  researchers  suggest  that 
the  drugs  relieve  “psychological  pain”  including  anxiety,  feel- 
ings of  inadequacy,  and  hostility,  which  may  lead  to  increased 
drug  use.  Morphine  also  suppresses  the  cough  reflex  in  a 
dose-dependent  manner  and  has  actions  on  the  hypothala- 
mus that  lead  to  decreased  appetite,  drop  in  body  tempera- 
ture, reduced  sex  drive,  and  a variety  of  hormonal  changes. 
Each  of  these  effects  can  be  associated  with  opiate  receptors 
in  particular  areas  of  the  CNS. 

At  slightly  higher  doses,  particularly  if  the  drug  is  admin- 
istered intravenously  or  inhaled,  the  individual  experiences 
an  abnormal  state  of  elation  or  euphoria,  which  is  referred 
to  as  the  “kick,”  “bang,”  or  “rush”  and  is  compared  to  a 
“whole-body  orgasm.”  Nonaddicts  describe  it  as  a sudden 
flush  of  warmth  located  in  the  pit  of  tile  stomach.  To  achieve 
the  maximum  euphoria,  very  rapid  penetration  into  the 
brain  is  needed.  Although  it  is  experienced  as  intense  pleas- 
ure, the  “rush”  is  not  the  principal  basis  for  abuse  but  acts  as 
a powerful  reinforcer  that  encourages  repeated  drug  use. 

It  is  also  important  to  know  that  the  euphoric  effect  does 
not  always  accompany  intravenous  administration.  For  many 
individuals  being  medically  treated,  the  drug  may  produce 
dysphoria,  consisting  of  restlessness  and  anxiety.  In  addition, 
the  nausea  and  vomiting  that  may  accompany  low  doses  of 
morphine  is  increased  with  higher  doses.  It  is  directly  related 
to  morphine  s effect  on  the  chemical  trigger  zone  (the  area 
postrema)  in  the  brain  stem  that  elicits  vomiting.  Although 
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clearly  unpleasant  for  most  individuals,  for  the  addict  the  nau- 
sea may  become  a “good  sick”  because  it  is  closely  associated 
with  the  drug-induced  euphoria  by  classical  conditioning. 

At  the  highest  doses,  the  opioids’  sedative  effects  become 
stronger  and  may  lead  to  unconsciousness.  Body  tempera- 
ture and  blood  pressure  fall.  Pupils  are  now  quite  constricted 
and  represent  a clinical  sign  of  opiate  overdose  in  a comatose 
patient.  Respiration  is  dangerously  impaired  due  to  mor- 
phine’s action  on  the  brain  stem’s  respiratory  center,  which 
normally  responds  to  high  blood  C02  levels  by  triggering 
increased  respiration.  Respiratory  failure  is  the  ultimate 
cause  of  death  in  overdose. 

Apart  from  the  CNS,  the  effects  of  morphine  are  greatest 
on  the  gastrointestinal  tract.  Opium  was  used  for  relief  of 
diarrhea  and  dysentery  even  before  it  was  used  for  analgesia. 
It  remains  one  of  the  most  important  lifesaving  drugs 
because  of  its  ability  to  cause  constipation  and  stop  the  life- 
threatening  fluid  loss  associated  with  diarrhea  that  accom- 
panies many  bacterial  and  parasitic  illnesses  especially  preva- 
lent in  developing  countries.  More  modern  treatment  utilizes 
modified  opiate  molecules  such  as  loperimide,  which  has 
been  designed  so  that  it  cannot  cross  the  blood-brain  barri- 
er. The  major  advantage  is  that  it  effectively  slows  gastroin- 
testinal function  but  does  not  have  any  effect  on  the  CNS. 
Unfortunately,  when  opiates  are  used  for  pain  management, 
constipation  is  a common  and  disturbing  side  effect  that 
does  not  diminish  even  after  prolonged  use. 

Opioid  Receptors  and  Endogenous 
Neuropeptides 

The  opiate  drugs  produce  biobehavioral  effects  by  binding 
to  specific  neuronal  receptors.  Since  minor  modifications  of 
the  morphine  molecule  produce  significant  changes  in  effect, 
analyses  of  the  molecular  structure  of  the  drugs  provides  suf- 
ficient information  to  hypothesize  definite  structural  features 
of  the  opiate  receptor.  Further,  naloxone’s  blocking  effects 
can  be  overcome  by  increasing  concentrations  of  morphine, 
which  demonstrates  competition  for  the  receptor.  Not  long 
after  identifying  opiate  receptors,  the  natural  neuropeptide 
ligands  that  act  at  the  receptors  were  also  characterized. 

Receptor  binding  studies  identified 
and  localized  opioid  receptors 

Although  the  existence  of  opiate  receptors  was  evident,  the 
initial  attempts  to  label  and  locate  these  receptors  in  brain 
tissue  using  standard  radioligand  binding  methods  (see 
Chapter  4)  proved  to  be  a difficult  task.  Ultimately  the  opioid 
receptor  was  labeled  (Pert  and  Snyder,  1973)  by  making  sev- 
eral technical  refinements  in  the  assay  and  separation  proce- 
dure, as  well  as  having  access  to  newer  radioactive  ligands 


that  had  a greater  amount  of  radioactivity  per  drug  mole- 
cule. The  receptors  that  they  identified  met  the  criteria 
described  in  Chapter  4.  First,  Figure  10.5A  shows  the  classic 
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Inhibition  of  electrically  induced 
contraction  of  intestine  (IC50) 


Figure  10.5  Opiate  receptor  binding  (A)  Binding  of 
[3H]naloxone  to  rat  brain  shows  the  saturation  of  opioid  recep- 
tors. As  the  concentration  of  the  opiate  ligand  (naloxone) 
increases,  binding  to  the  receptors  increases  linearly  until  the 
receptors  are  filled  at  £max.  (B)  There  is  a strong  positive  correla- 
tion between  the  concentration  of  opiate  drugs  needed  to 
inhibit  electrically  induced  contraction  of  the  intestine  (IC50) 
and  the  concentration  needed  to  bind  to  opiate  receptors  in 
the  same  tissue. The  results  show  clearly  that  drugs  that  bind 
readily  at  low  concentrations  of  ligand  (e.g.;  etorphine)  also  are 
effective  in  inhibiting  the  intestinal  contraction  at  low  doses. 
Drugs  that  bind  less  well  (e.g.,  codeine)  also  require  higher  con- 
centrations to  inhibit  the  contraction. 
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binding  curve,  demonstrating  that  as  the  amount  of  radioac- 
tive opiate  (in  this  case  the  antagonist  naloxone)  is  increased, 
binding  also  increases  in  a linear  fashion  until  the  receptors 
are  fully  occupied.  The  leveling  off  of  the  binding  curve  at 
Bm ax  shows  that  a finite  number  of  receptors  exists  in  a given 
amount  of  tissue.  This  saturation  would  not  occur  if  the 
radioligand  happened  to  be  “sticky”  and  attached  randomly 
to  many  cellular  materials.  Second,  looking  at  the  concentra- 
tions used  in  the  assay,  it  is  clear  that  the  binding  sites  have  a 
high  affinity  for  the  opiates.  Third,  the  binding  was  shown  to 
be  reversible,  with  a time  course  that  matches  the  loss  of 
physiological  effectiveness.  Fourth,  the  concentrations  need- 
ed in  the  binding  assay  are  meaningfully  related  to  the  con- 
centration of  agonist  needed  to  elicit  a biological  response. 

But  how  do  we  know  that  these  sites  are  those  responsible 
for  the  opiates’  pharmacological  activity?  Snyder  (1977)  and 
colleagues  calculated  binding  affinity  by  measuring  the  ability 
of  a number  of  nonradioactive  opiates  to  compete  with 
radioactive  naloxone  for  the  receptors.  They  found  that  the 
relative  potency  of  various  opiates  in  the  competition  experi- 
ments closely  paralleled  their  relative  potencies  in  pharmaco- 
logical effects  on  the  intestine  (Figure  10. 5B).  In  this  case,  the 
pharmacological  effect  measured  is  the  ability  of  opiates  to 
inhibit  electrically  induced  contraction  of  the  ileum  (the  low- 
est portion  of  the  small  intestine).  Although  many  more- 
sophisticated  methods  are  possible,  opioid  action  on  the  ileum 
is  considered  a classic  bioassay  and  is  described  in  Box  10.1. 

Once  the  receptors  were  labeled  and  characterized, 
autoradiography  could  be  used  to  locate  the  receptors  in  the 
brain.  Figure  10.6  shows  a color-enhanced  distribution  of 
opiate  receptors  in  rat  brain. 


Three  major  opioid  receptor  subtypes  exist 

Although  the  classic  dose-response  curves  used  by  Martin  and 
colleagues  (1976)  suggested  that  several  subtypes  of  opiate 
receptors  exist,  researchers  needed  to  develop  highly  selective 
radioactive  ligands  to  directly  label  the  subtypes.  Selectivity 
means  that  a given  molecule  readily  binds  to  one  receptor  sub- 
type  and  has  relatively  low  binding  affinity  for  the  others 
(Simon,  1991 ).  The  three  most  important  subtypes  have  been 
called  p (mu),  8 (delta),  and  K (kappa).  These  receptor  sub- 
types  have  distinct  distributions  in  the  brain  and  spinal  cord, 
which  suggests  that  they  mediate  a wide  variety  of  effects. 

The  p-receptor  is  the  receptor  that  has  a high  affinity  for 
morphine  and  related  opiate  drugs.  The  location  of  the  p- 
receptors  has  been  mapped  by  autoradiography  in  several 
species  (Mansour  and  Watson,  1993),  including  human  brain 
postmortem  (Quirion  and  Pilapil,  1991).  Other  researchers 
have  performed  in  vivo  mapping  using  positron  emission 
tomography  (PET)  imaging  (Mayberg  and  Frost,  1990).  The 
results  consistently  show  a wide  distribution  of  p-receptors 
in  both  the  brain  and  spinal  cord.  The  brain  areas  rich  in  p- 
receptors  support  their  role  in  morphine-induced  analgesia 


Figure  1 0.6  Distribution  of  opiate  receptors  in  rat  brain 

is  shown  in  this  autoradiogram.  Higher  densities,  seen  as 
warmer  colors,  occur  in  the  striatum,  medial  thalamus,  locus 
coeruleus,  periaqueductal  gray,  and  raphe  nuclei.  (Courtesy  of 
Miles  Herkenham,  NIMH.) 


(e.g.,  the  medial  thalamus,  periaqueductal  gray,  median 
raphe,  and  clusters  within  the  spinal  cord).  Other  high-den- 
sity  areas  suggest  a role  in  positive  reinforcement  (nucleus 
accumbens),  cardiovascular  and  respiratory  depression, 
cough  control,  nausea  and  vomiting  (brain  stem),  and  sen- 
sorimotor integration  (thalamus,  striatum)  (Mansour  and 
Watson,  1993;  Carvey,  1998).  Figure  10. 7A  is  an  autoradi- 
ogram of  p-receptor  binding  in  the  rat  CNS. 

The  8-receptors  have  a distribution  similar  to  that  of  p- 
receptors  (Figure  10. 7B)  but  are  more  restricted.  They  are 
predominantly  found  in  forebrain  structures  such  as  the 
neocortex,  striatum,  olfactory  areas,  substantia  nigra,  and 
nucleus  accumbens.  Many  of  these  sites  are  consistent  with 
a possible  role  for  8-receptors  in  modulating  olfaction, 
motor  integration,  reinforcement,  and  cognitive  function. 
Delta  receptors  in  areas  overlapping  p-receptors  suggest 
modulation  of  both  spinal  and  supraspinal  analgesia. 

The  K-receptors  (Figure  10. 7C)  Ifave  a very  distinct  dis- 
tribution compared  to  the  p-  and  8-receptors.  The  K-recep- 
tor  was  initially  identified  by  high-affinity  binding  to 
ketocyclazocine,  which  is  an  opiate  analog  that  produces  hal- 
lucinations and  dysphoria.  This  receptor  is  also  found  in  the 
striatum  and  amygdala  but  additionally  has  a unique  distri- 
bution in  the  hypothalamus  and  pituitary.  These  receptors 
may  participate  in  the  regulation  of  pain  perception,  gut 
motility,  and  dysphoria  but  also  modulate  water  balance, 
feeding,  temperature  control,  and  neuroendocrine  function. 

Once  the  genetic  material  for  each  of  the  three  receptor 
types  was  isolated,  it  was  inserted  into  cells  (a  process  called 
transfection)  maintained  in  culture  to  produce  large  num- 
bers of  identical  cells  (cloning).  The  receptor  cloning  and 
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BOX  10.1 


Pharmacology  in  Action 


Opiate  Bioassay 

Bioassays  are  important  and  classic 
tools  of  pharmacology  that  provide 
relatively  quick  and  inexpensive  tests 
of  agonist-receptor  activity  on  a bio- 
logical response.The  assays  gener- 
ally measure  a simple  response  in  a 
tissue  that  is  in  its  native  functional 
state  rather  than  a highly  modified 
(e.g.,  homogenized  cells)  nonphysi- 
ological  condition.  Such  measures 
are  often  used  to  demonstrate  the 
biological  relevance  of  a newly 
identified  receptor  protein.  Under 
ideal  conditions,  receptor  binding 
and  biological  response  should  be 
measured  in  the  same  simple,  intact 
system  before  disruptive  proce- 
dures are  performed  on  the  cells. 

The  most  accurate  bioassay  to 
measure  opioid  activity  was  devel- 
oped by  a pioneer  in  opioid 
research,  Hans  Kosterlitz  (Kosterlitz 
et  al.,  1 970). The  guinea  pig  intestin- 
al muscle  (ileum)  and  associated 
neuronal  connections  are  dissected 
and  maintained  in  a physiological 
solution. The  muscle  is  fastened  at 
each  end  to  maintain  a fixed  tension, 
so  that  when  the  neurons  are  electri- 
cally stimulated,  the  muscle  twitch 
can  be  recorded  on  a polygraph. The 
twitch  is  inhibited  by  opiate  drugs, 
and  this  inhibition  can  be  blocked  by 
naloxone  (Figure  A),  which  shows  that 
opiate  receptors  are  involved.  Further, 
the  magnitude  of  the  twitch  inhibi- 
tion is  closely  correlated  with  recep- 
tor binding  potency.  In  addition, 
Kosterlitz  and  Waterfield  (1975) 
showed  that  the  naloxone-reversible 


(B)  A strong  positive  correlation  (shown  by 
the  red  line)  exists  between  opiate  inhibi- 
tion of  guinea  pig  ileum  twitch  and  anal- 
gesic effects  in  humans.  For  comparison 
purposes,  the  blue  line  represents  a perfect 
correlation. The  values  for  potency  were 
calculated  relative  to  morphine  (morphine 
= 1 ).  (After  Kosterlitz  and  Waterfield,  1 975.) 


twitch  inhibition  is  almost  perfectly 
correlated  with  the  potency  of  the 
opiates  to  relieve  pain  in  humans  (Fig- 
ure B). Therefore,  it  is  apparent  that  a 
correlation  exists  between  analgesic 
effects  in  vivo,  muscle-twitch  inhibi- 


tion in  the  bioassay  in  vitro,  and  the 
ability  to  bind  to  opiate  receptors. 
Clearly  the  bioassay  represents  a sim- 
ple and  rapid  means  to  screen  opioid 
drugs. 
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(A)  Mu 


(B)  Delta 


(C)  Kappa 


Figure  1 0.7  Autoradiograms  of  opiate  receptor  subtype  binding  in  rat  brain 

Notice  the  distinct  locations  of  (A)  p-;  (B)  8-,  and  (C)  K-receptors.  (From  Mansour  et  al.,  1 988.) 


molecular  sequencing  of  the  opiate  receptor  subtypes  pro- 
vided several  key  pieces  of  information: 

1.  For  each  of  the  receptors  we  now  know  the  specific 
nucleic  acid  sequence  making  up  the  DNA  that  directs 
the  synthesis  of  each  receptor  protein. 

2.  Using  the  nucleic  acid  sequence,  the  amino  acids  of  the 
protein  can  be  identified  and  compared  with  other  fam- 
ilies of  receptor  proteins. 

3.  The  transfected  cells  can  be  used  to  study  the  intracellu- 
lar changes  induced  by  receptor  agonists. 

4.  By  radioactively  labeling  the  genetic  material,  in  situ 
hybridization  makes  it  possible  to  visualize  those  cells  in 
the  brain  that  synthesize  the  receptor  protein  and  more 
precisely  localize  the  receptors  themselves.  (See  Chapter  4 
for  a review  of  the  techniques  of  molecular  biology.) 

Although  the  first  opiate  receptor  to  be  successfully  cloned 
was  the  8-receptor  (Evans  et  al.,  1992;  Kieffer  et  al.,  1992), 
cloning  of  both  jn-  and  K-receptors  was  soon  to  follow.  Each 
of  the  three  receptors  have  between  370  and  400  amino  acids 
and  they  bind  with  the  ligands  specific  to  each.  All  three  of 
the  protein  receptors  have  a structure  similar  to  the  family  of 
receptors  that  are  linked  to  G proteins,  which  suggests  that 
they  mediate  metabotropic  (rather  than  ionotropic)  respons- 
es. The  structure  of  the  8-receptor,  with  the  classic  seven 
transmembrane  portions,  is  shown  in  Figure  10.8. 


Intracellular 


Figure  1 0.8  Proposed  structure  of  the  8-opioid  receptor 

Each  circle  represents  an  identified  amino  acid.The  seven 
regions  spanning  the  cell  membrane  are  typical  for  receptors 
that  are  coupled  to  G proteins. 
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Several  families  of  naturally  occurring  opioid 
peptides  bind  to  these  receptors 

Once  the  receptors  were  identified,  researchers  were  quick  to 
ask  why  the  nervous  system  would  have  receptors  for  the 
derivatives  of  the  opium  poppy.  It  seemed  more  reasonable 
to  hypothesize  that  an  endogenous  neurochemical  must  exist 
to  act  on  opioid  receptors.  Since  the  distribution  of  the 
receptors  failed  to  match  the  regional  distribution  of  any 
known  neurotransmitter,  it  was  assumed  that  a novel  neuro- 
chemical would  be  identified.  A second  rationale  for  search- 
ing for  an  endogenous  opioid  involved  the  analgesia  pro- 
duced by  electrically  stimulating  specific  areas  of  the  CNS 
such  as  the  periaqueductal  gray.  In  many  animal  studies  as 
well  as  human  clinical  trials,  the  analgesic  effect  could  be  par- 
tially antagonized  by  the  opiate  receptor  antagonist  nalox- 
one, which  suggested  that  opioids  were  involved.  It  is  clear  to 
us  now  that  electrical  stimulation  causes  the  release  of  a nat- 
ural ligand  that  acts  on  those  opioid  receptors. 

Discovery  In  1974  two  different  laboratories  identified  a 
peptide  in  brain  extracts  and  other  tissues  that  mimicked  opi- 
ate activity  (electrophysiologically  and  in  the  ileum  bioassay) 
and  could  also  bind  to  opiate  receptors  (Terenius  and 
Wahlstrom,  1974;  Hughes,  1975).  They  named  the  first  pep- 
tide enkephalin,  meaning  “in  the  brain.”  Soon  a number  of 
peptides  were  found  to  have  these  properties 
and  were  called  endogenous  opiates,  or 
endorphins  (from  endo,  signifying  “endoge- 
nous,” and  - orphin , from  “morphine”).  The 
great  similarity  in  structure  among  the  pep- 
tides led  researchers  to  conclude  that  there 
were  several  larger  peptides,  called  propep- 
tides (or  precursor  peptides),  that  are  broken 
into  smaller  active  opioids.  Any  confusion 
was  resolved  when  molecular  biologists  found 
that  there  are  three  large  propeptides  and 
each  is  coded  for  by  a separate  gene.  These 
large  peptides  are  called  prodynorphin  (254 
amino  acids),  pro-opiomelanocortin  or 
POMC  (267  amino  acids),  and  proenkeph- 
alin (267  amino  acids).  Each  of  the  three  large 
peptides  manufactured  in  the  soma  must  be 
processed  by  enzymes  (called  proteases)  that 
are  packaged  in  the  Golgi  apparatus  along 
with  the  peptide.  The  enzymes  are  responsi- 
ble for  chopping  or  cleaving  the  propeptide 
into  individual  peptide  products  that  are 
stored  in  vesicles  and  further  processed  as 
they  are  transported  down  the  axon  to  be 
released  at  the  synapse.  Each  of  the  large 
propeptides  produces  a number  of  biological- 
ly active  opioid  and  non-opioid  peptides  (Fig- 
ure 10.9).  More  recently,  Zadina  and  col- 


leagues (1999)  described  a group  of  peptides  with  a distinct 
structure  and  distribution  in  the  CNS.  These  peptides,  called 
endomorphins,  bind  quite  selectively  to  the  p-receptor  and 
are  as  potent  as  morphine  in  relieving  pain.  Thus  far,  their 
propeptide  has  not  been  identified. 

Localization  The  mapping  of  the  pathways  utilizing  the 
endogenous  opioids  was  achieved  by  in  situ  hybridization  to 
visualize  propeptide  mRNA,  and  immunohistochemistry  was 
used  to  localize  the  propeptide  itself  (see  Chapter  4).  These 
propeptides  are  found  in  the  brain,  spinal  cord,  and  periph- 
eral autonomic  nervous  system,  concentrated  in  areas  related 
to  pain  modulation  and  mood.  In  addition,  POMC  is  found 
in  particularly  high  concentration  in  the  pituitary  gland, 
which  releases  a variety  of  hormones  in  response  to  hypo- 
thalamic releasing  factors.  The  hypothalamus  releases  corti- 
cotropin-releasing factor  (CRF)  in  response  to  stress,  which 
in  turn  increases  adrenocorticotropic  hormone  (ACTH) 
release  from  the  pituitary  and  ultimately  glucocorticoids 
from  the  adrenal  cortex  (Figure  10.10).  CRF  also  causes  a 
rapid  increase  in  POMC  mRNA  and  subsequent  increases  in 
release  of  (3-endorphin  from  the  pituitary.  Since  a variety  of 
stressors,  such  as  painful  foot  shock,  restraint,  and  swim 
stress,  increase  both  CRF  mRNA  and  POMC  mRNA,  it  is 
likely  that  this  opioid  provides  a physiological  link  between 
pain  and  stress  regulation  (Young,  1993).  Overall,  the  wide- 
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Figure  1 0.9  The  three  opioid  propeptides  and  some  of  their  possible 
products  POMC  is  cleaved  into  p-endorphin  (p-END)  and  a number  of  other 
peptides  including  y-  and  a-melanocyte-stimulating  hormone  (MSH),  adreno- 
corticotropic hormone  (ACTH),  and  several  forms  of  lipotropin  (LPH). 
Proenkephalin  cleavage  produces  several  copies  of  met-  and  leu-enkephalin. 
Prodynorphin  contains  several  endorphins  (a-  and  p-neoendorphin)  as  well  as 
dynorphin  A and  B.  Note  that  the  tiny  enkephalin  peptides  are  frequently  found 
within  the  larger  peptide  fragments. 
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Neuroendocrine  cell 
bodies  in  the  hypo- 
thalamus produce 
corticotropin  releasing 
factor  (CRF) . . . 


. . . which  is  released 
from  axon  terminals 
that  synapse  on  the 
primary  plexus  of 
the  portal  system. 
CRF  travels  via  the 
portal  veins  to  the 
anterior  pituitary. 


Hormone-prod  ucing 
cells  in  the  anterior 
pituitary  respond  to 
the  hypothalamic 
signals  by  releasing 
ACTH  and 
(3-endorphin. 


ACTH  and  (3-endorphin  travel 
through  the  bloodstream  and 
regulate  endocrine  glands. 


Figure  1 0.1 0 Hypothalamic  control  of  ACTH  and  (3- 
endorphin  release  The  hypothalamus  releases  CRF,  which 
causes  the  anterior  pituitary  to  secrete  ACTH,  which  in  turn  acts 
on  the  adrenal  gland  to  prepare  the  individual  to  deal  with 
stress.  CRF  also  influences  P-endorphin  synthesis  and  release 
from  the  pituitary  in  response  to  stress.  Notice  in  the  previous 
figure  that  ACTH  and  p-endorphin  come  from  the  same 
propeptide,  POMC. 


spread  locations  of  the  peptides  strongly  implicates  them  in 
many  functions  including  pain  suppression,  reward,  motor 
coordination,  endocrine  function,  feeding,  body  temperature 
and  water  regulation,  and  response  to  stress. 

While  some  of  the  neurons  containing  the  opioid  propep- 
tides have  long  projections,  many  more  are  small  cells  that 
form  local  circuits.  Many  of  the  peptides  are  co-localized  with 
other  neurotransmitters  in  the  same  neuron,  including  acetyl- 
choline, GABA  (y-aminobutyric  acid),  serotonin,  cate- 
cholamines, and  other  peptides.  When  peptides  coexist  with 
other  neurotransmitters,  they  are  likely  to  have  a neuromodu- 


latory  role;  that  is,  they  modify  the  function  of 
the  neurotransmitter  or  produce  changes  in  ion 
conductance  and  membrane  potential. 

Although  we  have  three  peptide  families  plus 
the  endomorphins  and  three  principal  receptor 
subtypes,  the  peptides  are  not  selective  for  a 
receptor  type  but  show  only  a relative  preference. 
The  natural  ligands  for  the  8-receptors  are 
thought  to  be  those  derived  from  proenkephalin 
(enkephalins),  and  products  from  prodynorphin 
(dynorphin)  are  likely  the  natural  K- receptor 
agonists.  The  endomorphins  bind  preferentially 
to  the  jLi-receptors,  while  POMC  peptides  (endor- 
phins) bind  readily  to  both  jli-  and  8-receptors. 
Table  10.1  summarizes  receptor  subtype  location, 
function,  and  preference  for  endogenous  opioids. 


Opioid  receptor-mediated 
cellular  changes  are  inhibitory 

You  are  already  aware  that  each  of  the  three  opi- 
oid receptor  types  is  linked  to  G proteins.  You 
may  recall  from  Chapter  3 that  there  are  multi- 
ple forms  of  G proteins  that  have  two  principal 
actions.  Some  G proteins  directly  stimulate  or 
inhibit  the  opening  of  ion  channels  (see  Figure 
3. 11  A)  and  others  stimulate  or  inhibit  enzymes 
to  alter  second-messenger  production  (see  Fig- 
ure 3.1  IB).  Opioids  work  by  both  of  those 
mechanisms  to  open  K+  channels,  close  Ca2+ 
channels,  and  inhibit  adenylyl  cyclase  activity. 
The  overall  effects  of  opiates  on  nerve  cell  func- 
tion include  the  reduction  of  membrane 
excitability  and  subsequent  slowing  of  cell  Firing 
and  the  inhibition  of  neurotransmitter  release. 

There  are  three  principal  ways  that  endorphins  reduce 
synaptic  transmission:  (1)  postsynaptic  inhibition;  (2)  axoax- 
onic inhibition;  and  (3)  via  presynaptic  autoreceptors.  First, 
opioid  receptor-G  protein  activation  opens  K+  channels, 
which  increases  K+  conductance.  Potassium  exits  the  cell, 
forced  by  its  concentration  gradient,  causing  hyperpolariza- 
tion. When  the  receptors  are  on  the  soma  or  dendrites  of 
neurons,  the  hyperpolarization  (IPSP)  decreases  the  cells  fir- 
ing rate  (Figure  10. 11  A). 

Second,  opioids  also  produce  an  inhibitory  effect  by  clos- 
ing voltage-gated  Ca2+  channels.  In  this  case  (Figure  10.1  IB), 
opioid  receptors  on  the  presynaptic  terminal  activate  G pro- 
teins, which  in  turn  close  the  Ca2+  channels.  Reducing  the 
amount  of  Ca2+  entering  during  an  action  potential  propor- 
tionately decreases  the  amount  of  neurotransmitter  released. 
For  example,  opioid-induced  inhibition  of  norepinephrine 
and  dopamine  release  has  been  found  in  many  brain  areas. 
As  expected,  this  effect  is  prevented  by  the  receptor  antago- 
nist naloxone.  The  inhibition  of  glutamate  and  substance  P 
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TABLE  1 0.1  Location,  Function,  and  Endogenous  Ligand  for  Opioid  Receptor  Subtypes 


Receptor 

subtype 

Endogenous  ligand 
(prohormone  source) 

Location  (most  dense) 

Functions 

Endomorphins  (unknown), 
endorphins  (POMC) 

Thalamus,  periaqueductal  gray, 
raphe  nuclei,  spinal  cord,  striatum, 
brain  stem,  nucleus  accumbens, 
amygdala,  hippocampus 

Analgesia,  reinforcement, 
cardiovascular  and  respiratory 
depression,  antitussive,  vomiting, 
sensorimotor  integration 

5 

Enkephalin  (proenkephalin), 
endorphins  (POMC) 

Neocortex,  striatum,  olfactory  areas, 
substantia  nigra,  nucleus 
accumbens,  spinal  cord 

Analgesia,  reinforcement,  cognitive 
function,  olfaction,  motor  integration 

K 

Dynorphins  (prodynorphin) 

Pituitary,  hypothalamus,  amygdala, 
striatum,  nucleus  accumbens 

Neuroendocrine  function,  water 
balance,  feeding,  temperature 
control,  dysphoria,  analgesia 

release  in  the  spinal  cord  is  of  particular  significance  because 
those  neurotransmitters  are  released  from  the  afferent  sen- 
sory neurons  that  transmit  pain  signals  from  the  periphery 
into  the  CNS  (see  the  section  on  opioids  and  pain). 

Third,  opioid  autoreceptors  also  produce  inhibitory 
effects.  Somatodendritic  autoreceptors  hyperpolarize  cells  in 
the  locus  coeruleus  by  enhancing  K+  conductance  and  sub- 


sequently reducing  cell  firing  (not  shown  in  figure).  Else- 
where, presynaptic  autoreceptors  reduce  the  release  of  co- 
localized neurotransmitters  (Figure  10.1 1C).  In  summary, 
opioid  effects  on  both  K+  and  Ca2+  channels  produce 
inhibitory  effects  and  reduce  neurotransmitter  release.  These 
actions  in  the  appropriate  circuitry  are  ultimately  responsible 
for  the  analgesic  effects  (DiChiara  and  North,  1992). 


(A)  Postsynaptic  inhibition: 
Open  K+  channels 


(B)  Axoaxonic  inhibition: 
Close  Ca2+  channels 


(C)  Presynaptic  autoreceptors: 
Reduce  transmitter  release 


Figure  1 0.1 1 Inhibitory  actions  of  endogenous  opioids 

Opioids  inhibit  nerve  activity  in  several  ways.  (A)  Opioids  bind 
to  receptors  that  activate  a G protein  that  opens  K+  channels  to 
hyperpolarize  the  postsynaptic  cells,  thereby  reducing  the  rate 
of  firing.  (B)  Opioid  receptors  on  nerve  terminals  (axoaxonic) 
activate  G proteins  that  close  Ca2+  channels,  reducing  the 


release  of  the  neurotransmitter.  (C)  Presynaptic  autoreceptors 
activate  G proteins  and  reduce  the  release  of  a co-localized 
neurotransmitter. The  mechanism  may  involve  closing  Ca2+ 
channels  or  opening  K+ channels  that  hyperpolarize  the  presy- 
naptic cell. 
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All  three  types  of  opiate  receptor  are  also  coupled  to 
inhibitory  G proteins  (called  Gj)  that  inhibit  adenylyl  cyclase, 
which  normally  synthesizes  the  second  messenger  cyclic 
adenosine  monophosphate  (cAMP).  The  reduced  cAMP  and 
subsequent  decreased  function  of  cAMP-dependent  protein 
kinase  may  in  part  be  responsible  for  opiate-induced  ion 
channel  changes;  however,  the  immediate  effects  of  the  inhi- 
bition on  cell  function  is  not  entirely  clear.  Nevertheless,  the 
cAMP  cascade  has  been  implicated  in  chronic  effects  of  opi- 
oids including  drug  tolerance,  dependence,  and  withdrawal. 
These  topics  are  discussed  in  later  sections. 

Section  Summary 

The  opiates  are  a class  of  drug  originally  derived  from  the 
opium  poppy  that  relieve  pain  and  produce  a state  of  drowsi- 
ness and  sleep.  Under  some  conditions  the  drugs  produce  a 
sudden  state  of  euphoria,  although  in  other  conditions  dys- 
phoria may  occur.  In  addition,  they  cause  pinpoint  pupils, 
reduced  concentration,  suppression  of  the  cough  reflex,  drop 
in  body  temperature,  reduced  appetite,  and  a variety  of  hor- 
monal effects.  Respiratory  and  cardiac  depression  may  also 
occur,  especially  at  higher  doses.  Repeated  use  produces  tol- 
erance to  many  of  the  drugs'  effects  as  well  as  physical 
dependence.  The  many  effects  of  opiate  drugs  are  directly 
related  to  their  action  on  opiate  receptors  (|i,  8,  and  k), 
which  are  widely  and  unevenly  distributed  in  the  central  and 
peripheral  nervous  systems.  Discovery  of  receptor  subtypes 
has  led  to  the  development  of  synthetic  opioids  designed  to 
act  on  specific  receptor  subtypes  to  produce  analgesia  with- 
out causing  the  undesirable  side  effects.  Each  of  the  recep- 
tors has  been  isolated  and  cloned  and  found  to  be  coupled 
to  G proteins  that  induce  metabotropic  effects  within  the 
cell.  The  principal  cellular  activities  include  actions  on  ion 
channels  (K+,  Ca2+)  and  adenylyl  cyclase,  which  are  respon- 
sible for  cell  hyperpolarization  and  inhibition  of  neurotrans- 
mitter release. 

The  endogenous  ligands  (enkephalins)  for  the  opiate  recep- 
tors were  discovered  in  1975  and  identified  as  small  peptides 
that  are  cleaved  from  larger  propeptides  manufactured  in  the 
soma.  Molecular  biology  has  shown  three  distinct  propeptides 
(prodynorphin,  POMC,  and  proenkephalin),  which  produce 
a variety  of  opioid  (e.g.,  endorphins,  enkephalins,  dynorphin) 
and  non-opioid  fragments.  The  location  of  these  peptides  in 
the  brain,  spinal  cord,  and  pituitary  implicates  them  in  many 
functions,  including  water  balance,  feeding,  body  temperature 
regulation,  and  endocrine  function. 

Opioids  and  Pain 

Although  we  all  feel  that  we  intuitively  understand  what  pain 
is  like,  it  is  really  far  more  complex  than  generally  believed. 


Since  opioids  are  therapeutically  best  known  as  analgesics,  a 
further  discussion  of  pain  and  its  neural  circuitry  is  needed. 

Pain  is  distinct  from  other  sensory  systems  in  that  it  can 
be  caused  by  a variety  of  stimuli  detected  by  several  types  of 
nociceptors  (detectors  of  noxious  stimuli).  The  nociceptors 
are  networks  of  free  nerve  endings  that  are  sensitive  to 
intense  pressure,  extreme  temperature  including  heat  and 
cold,  electrical  impulses,  cuts,  chemical  irritants,  and  inflam- 
mation. Pain  varies  not  only  in  intensity  but  also  in  quality 
and  may  be  described  as  “pricking,”  “stabbing,”  “burning,” 
“aching,”  and  so  forth.  Its  perception  is  also  highly  subjec- 
tive, and  no  single  stimulus  will  be  described  as  painful  by  all 
individuals  nor  perhaps  even  by  the  same  individual  under 
different  circumstances.  Pain  is  modified  by  a number  of  fac- 
tors including  strong  emotion,  environmental  stimuli  like 
stress,  hypnosis,  acupuncture,  and  opiate  drugs. 

Although  we  can  get  subjective  reports  of  pain,  quantifica- 
tion is  difficult,  particularly  when  testing  analgesic  drugs.  In 
the  laboratory,  when  methods  such  as  the  application  of  sud- 
den pressure,  pinpricks,  or  stabs  are  used  to  induce  pain,  most 
analgesic  drugs  show  ineffective  or  inconsistent  analgesic 
effects.  The  failure  of  these  drugs  to  show  a significant  reduc- 
tion in  pain  is  probably  because  of  the  low  emotional  impact 
of  those  types  of  pain.  More  consistent  results  are  obtained 
with  the  analgesics  through  the  use  of  techniques  that  produce 
slowly  developing  or  sustained  pain.  One  technique  used  with 
human  subjects  is  to  stop  blood  flow  to  an  exercising  muscle 
with  a tourniquet.  With  this  method,  the  pain  is  slow  in  onset 
and  is  directly  related  to  amount  of  exercise.  Cutaneous  pain 
in  humans  can  be  produced  by  the  intradermal  injection  of 
various  chemicals.  A reliable  method  to  test  this  kind  of  pain 
uses  canthardin  to  induce  a blister,  from  which  the  outer  layer 
of  epidermis  is  removed  to  expose  the  blister  base,  on  which 
small  quantities  of  various  agents  can  be  applied  for  testing. 
Techniques  that  have  been  designed  to  produce  more-intense 
or  more-persistent  pain  are  infrequently  used  because  finding 
subjects  willing  to  participate  in  such  experiments  is  more  dif- 
ficult. Animal  testing  is  overall  more  reliable,  yielding  condi- 
tions that  are  comparable  to  pathological  pain  in  humans. 
This  may  be  because  the  human  subject  in  the  experimental 
setting  realizes  that  the  pain  stimulus  poses  no  real  threat, 
whereas  for  the  animal  subject,  all  pain  is  potentially  serious. 
Animal  tests  are  described  in  Chapter  4. 

The  two  components  of  pain 
have  distinct  features 

Pain  is  often  described  as  having  several  components.  “First,” 
or  early,  pain  represents  the  immediate  sensory  component 
and  signals  the  onset  of  a noxious  stimulus  and  its  precise 
location  to  cause  immediate  withdrawal  and  escape  from  the 
damaging  stimulus.  “Second,”  or  late,  pain  has  a strong  emo- 
tional component,  that  is,  the  unpleasantness  of  the  sensation. 
Adaptation  occurs  more  slowly  to  the  secondary  component, 
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so  it  attracts  our  attention  in  prolonged  fashion  to  motivate 
behaviors  that  limit  further  damage  and  aid  recovery.  Late 
pain  is  less  localized  and  is  often  accompanied  by  autonomic 
responses  such  as  sweating,  fall  in  blood  pressure,  or  nausea. 

These  distinct  components  of  pain  are  in  part  explained 
by  the  types  of  neuron  that  carry  the  signal.  Fibers  called  A8 
are  larger  in  diameter  and  are  myelinated,  so  they  conduct 
action  potentials  more  rapidly  than  the  thin  and  unmyelinat- 


ed C fibers.  The  difference  in  speed  explains  why  when  you 
smash  your  finger  in  the  car  door,  you  first  experience  a sharp 
pain  that  is  well  localized  but  brief,  followed  by  a dull  aching 
that  is  a prolonged  reminder  of  the  damage  your  body  has 
experienced.  These  neurons  have  their  cell  bodies  in  the  dor- 
sal root  ganglia  and  terminate  in  the  gray  matter  of  the  dorsal 
horn  of  the  spinal  cord,  ending  on  projection  neurons  that 
transmit  pain  signals  to  higher  brain  centers  (Figure  10.12). 


Midbrain 


Medulla 


Early.pain  signals  go  to 
primary  and  secondary 
somatosensory  cortex. 


Thalamic  nuclei 


Forebram 


Late  pain 
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gray 


Reticular 

formation 


Anterior  cingulate  cortex 
and  other  limbic  areas  are 
especially  activated  by  late 
pain  information. 


Pain  information  is 
distributed  to  many 
thalamic  and  cortical  areas. 


Pain  information  is 
provided  to  various 
brain  stem  sites, 
which  control  pain- 
related  behavior  such 
as  vocalization. 


Axons  of  dorsal  horn 
neurons  (projection 
neurons)  cross  the 
mid-line  and  ascend  the 
spinal  cord  to  the  brain. 


Pain  information  is  carried 
by  rapidly  conducting 
myelinated  A5  fibers  and 
slowly  conducting 
unmyelinated  C fibers  that 
end  in  the  dorsal  horn. 


C and 
A5  fibers 


Figure  1 0.1 2 Ascending  pain  pathways  Sensory  neurons 
(A5  and  C fibers)  activated  by  noxious  stimuli  enter  the  dorsal 
horn  of  the  spinal  cord.  Dorsal  horn  neurons  travel  up  the  spinal 
cord  on  the  contralateral  side  and  ultimately  reach  various 
nuclei  in  the  thalamus.  Neurons  transmitting  "fast"  (first  pain) 
end  first  in  the  primary  somatosensory  cortex  for  well-localized 


sensory  discrimination,  before  the  information  is  transferred  to 
the  secondary  somatosensory  cortex,  where  pain  recognition 
occurs.The  slower-conducting  neurons  transmit  information 
(second  pain)  to  a variety  of  limbic  areas  including  the  anterior 
cingulate  cortex,  which  is  important  for  the  emotional  or  suffer- 
ing aspect  of  pain. 
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A second  distinction  between  the  two  components  of 
pain  is  their  route  and  final  destination  in  the  brain.  Early 
pain  is  transmitted  from  the  spinal  cord  via  the  spinothala- 
mic tract  to  the  posteroventrolateral  nucleus  of  the  thalamus 
before  going  directly  to  the  primary  and  then  secondary 
somatosensory  cortex.  The  primary  somatosensory  cortex 
provides  sensory  discrimination  of  pain,  while  the  second- 
ary cortex  is  involved  in  the  recognition  of  pain  and  memo- 
ry of  past  pain.  Late  pain  also  goes  to  the  thalamus,  but  in 
addition  gives  off  collaterals  to  a variety  of  limbic  structures 
such  as  the  hypothalamus  and  amygdala  as  well  as  the  ante- 
rior cingulate  cortex.  The  anterior  cingulate  has  a role  in  pain 
affect,  attention,  and  motor  responses  (Rainville,  2002). 

For  the  first  time,  researchers  have  been  able  to  demon- 
strate the  temporal  relationship  between  pain-evoked  cortical 
activation  and  reported  pain  in  human  subjects.  Ploner  and 
colleagues  (2002)  subjected  individuals  to  brief  painful  laser 
stimuli  and  continuously  monitored  the  subjects’  subjective 
pain  rating  while  simultaneously  recording  faint  magnetic 
fields  on  the  surface  of  the  skull  using  magnetoencephalogra- 


phy (MEG).  Although  MEG  is  somewhat  inaccurate  in  pre- 
cisely locating  brain  activity,  it  is  excellent  at  showing  the  neu- 
ral changes  over  very  small  units  of  time  (from  one  millisec- 
ond to  another).  In  that  way  Ploner  could  trace  a wave  of  brain 
activity  from  its  origin  to  sequential  brain  areas  during  pro- 
cessing (Figure  10.13A).  When  the  cortical  activation  was 
superimposed  on  magnetic  resonance  images  (Figure  10.13B), 
they  showed  that  first  pain  (pain  recogntion),  identified  by 
subjects’  ratings,  was  temporally  related  to  activation  of  the 
primary  somatosensory  cortex,  whereas  second  pain  (identi- 
fied by  subjects’  ratings  of  unpleasantness)  was  strongly  asso- 
ciated with  anterior  cingulate  activation.  Both  types  of  pain 
were  associated  with  neural  activity  in  the  secondary 
somatosensory  cortex. 

Opioids  inhibit  pain  transmission 
at  spinal  and  supraspinal  levels 

By  binding  to  opioid  receptors,  morphine  and  other  opiate 
drugs  mimic  the  inhibitory  action  of  the  endogenous  opi- 
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Figure  1 0.1 3 Location  and  time  course  of  pain-evoked 
neural  activity  in  human  subjects  (A)  Sequential  MEG  trac- 
ings of  the  changes  in  cortical  magnetic  fields  over  3 seconds 
following  the  initiation  of  the  painful  stimulus.  (B)  Brain  areas 
that  are  active  at  corresponding  points  in  time  are  shown  as 
light  shaded  areas  that  have  been  superimposed  on  magnetic 
resonance  images.  (From  Ploner  et  al.,  2002.) 
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oids  at  many  stages  of  pain  transmission  within  the  spinal 
cord  and  brain.  To  simplify,  we  can  say  that  opiates  regulate 
pain  in  three  ways: 

1.  Within  the  spinal  cord  by  small  inhibitory  interneurons; 

2.  By  two  significant  descending  pathways  originating  in 
the  periaqueductal  gray  (PAG);  and 

3.  At  many  higher  brain  sites,  which  explains  opioid  effects 
on  emotional  and  hormonal  aspects  of  pain  response. 

As  you  know,  information  about  pain,  either  from  the  sur- 
face or  deep  within  the  body  cavity,  is  carried  by  neurons 
from  the  body  into  the  spinal  cord.  Some  of  these  primary 
afferent  neurons  end  directly  on  projection  neurons  that 
transmit  pain  signals  to  higher  brain  centers  (e.g.,  first  to  the 
thalamus  and  then  to  the  somatosensory  cortex)  (Figure 
10.14A).  Others  end  on  small  excitatory  interneurons  (i.e., 
short  neurons  within  the  spinal  cord)  that  in  turn  synapse 
onto  the  projection  neurons  (Figure  10.14B). 

Opioids  reduce  the  transmission  of  pain  signals  at  the 
spinal  cord  in  two  ways.  First,  small  inhibitory  spinal 
interneurons  release  endorphins  that  inhibit  the  activation 
of  the  spinal  projection  neurons  (Figure  10.14C).  Morphine 
can  act  directly  on  those  same  opiate  receptors  to  inhibit 
the  transmission  of  the  pain  signal  to  higher  brain  centers 
that  normally  allow  us  to  become  aware  of  the  sensory 
experience.  Second,  endorphins  regulate  several  modulato- 
ry pathways  that  descend  from  the  brain  to  inhibit  spinal 
cord  pain  transmission  either  by  directly  inhibiting  the  pro- 
jection neuron  (A),  or  the  excitatory  interneuron  (B),  or 
exciting  the  inhibitory  opioid  neuron  (C).  These  descending 
modulatory  pathways  (Figure  10.15)  begin  in  the  midbrain 
and  modify  the  pain  information  carried  by  spinal  cord 
neurons. 

The  most  important  descending  pathways  begin  in  the 
PAG.  The  PAG  is  a brain  area  rich  in  endogenous  opioid  pep- 
tides and  high  concentrations  of  opioid  receptors,  particu- 
larly p and  K.  Local  electrical  stimulation  of  the  PAG  pro- 
duces analgesia  but  no  change  in  the  ability  to  detect 
temperature,  touch,  or  pressure.  Treatment  of  chronic  pain 
in  human  patients  with  electrical  stimulation  of  the  PAG  is 
frequently  successful,  although  tolerance  occurs  with  repeat- 
ed use  and  cross-tolerance  (see  Chapter  1)  with  injected 
morphine  also  occurs.  This  phenomenon  suggests  that  elec- 
trical stimulation  releases  a morphine-like  substance  onto 
the  same  postsynaptic  receptor  sites  occupied  by  exogenous 
morphine.  Partial  blockade  of  stimulation-induced  analge- 
sia with  the  specific  opioid  antagonist  naloxone  further  sup- 
ports that  idea. 

The  neurons  beginning  in  the  PAG  end  on  cells  in  the 
medulla,  including  the  serotonergic  cell  bodies  of  the  nucle- 
us of  the  raphe  nuclei.  Microinjection  of  opioids  into  the 
raphe  produces  significant  analgesia.  The  serotonergic  neu- 


rons descend  into  the  spinal  cord  to  inhibit  cell  firing  there 
and  in  that  way  reduce  pain  transmission. 

Other  cells  originating  in  the  PAG  terminate  in  the  brain 
stem  in  an  area  close  to  the  locus  coeruleus,  an  important 
cluster  of  noradrenergic  cell  bodies  that  also  send  axons  to 
the  spinal  cord.  Locus  coeruleus  cells  increase  their  firing  rate 
when  noxious  stimuli  are  applied.  The  same  cells  are  hyper- 
polarized  by  p-receptor  agonists,  which  reduces  their  firing 
rate.  Furthermore,  neurotoxic  lesions  of  the  descending  sero- 
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Figure  10.14  Pain  transmission  in  the  spinal  cord  is  modi- 
fied by  descending  modulatory  neurons  via  (A)  inhibition  of  the 
projection  neuron;  (B)  inhibition  of  an  excitatory  interneuron; 
and  (C)  excitation  of  an  inhibitory  opioid  interneuron.  Opiate 
drugs  can  influence  the  activity  of  the  descending  pathways  as 
well  as  acting  directly  on  opioid  receptors  in  the  spinal  cord. 
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tonergic  and  noradrenergic  cells  prevent  systemic  morphine- 
induced  analgesia.  Therefore,  there  are  at  least  two  major 
pathways  that  descend  to  the  spinal  cord  to  inhibit  the  pro- 
jection of  pain  information  to  higher  brain  centers.  However, 
the  inhibitory  action  is  direct  in  some  cases,  while  at  other 
times  the  inhibition  occurs  by  acting  on  small  spinal 
interneurons  (as  seen  in  Figure  10.15). 

In  summary,  opioids  modulate  pain  directly  in  the  spinal 
cord  and  also  by  regulating  the  descending  pain  inhibitory 
pathways  ending  in  the  spinal  cord.  In  addition,  significant  opi- 
oid action  also  occurs  in  other  supraspinal  (above  the  spinal 
cord)  locations,  including  higher  sensory  areas  and  limbic 
structures  as  well  as  the  hypothalamus  and  medial  thalamus.  A 
high  concentration  of  endogenous  opioids  and  the  pres- 
ence of  opiate  receptors  suggest  that  these  areas  may  be 
responsible  for  the  emotional  component  of  pain  as  well 
as  autonomic  and  neuroendocrine  respons- 
es. In  a recent  PET  study,  the  endogenous 
activation  of  the  p-opioid  system  was 
evaluated  during  sustained  pain. 

Zubieta  and  colleagues  (2001)  found 
a significant  negative  correlation 
between  p-opioid  activity  (measured 
as  displacement  of  [nC]carfentanil 
from  p-receptors)  in  the  nucleus 
accumbens,  amygdala,  and  thalamus 
and  reported  sensory  pain  scores  (Figure 
10.16).  That  is,  the  greater  the  p-opioid 
activation,  the  lower  was  the  individuals  sen 
sory  pain  score.  The  PAG  also  showed  increased 
p-receptor  displacement,  although  it  was  not  signifi 
cant.  When  the  scores  on  the  affective  component  of  pain 
were  evaluated,  increased  p-opioid  activity  was  found  in  the 
bilateral  anterior  cingulate  cortex,  thalamus,  and  nucleus 
accumbens.  These  results  indicate  that  endogenous  p-opioids 
modulate  both  the  sensory  and  emotional  components  of  pain 
and  that  morphine  and  other  opiates  likewise  act  at  these  sites. 
The  existence  of  multiple  circuits  carrying  pain  information 
demonstrates  the  redundancy  and  diffuse  nature  of  pain  trans- 
mission, which  reflects  its  tremendous  evolutionary  signifi- 
cance for  survival. 
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Figure  1 0.1 5 Descending  pain  modulation  pathways 

Neurons  from  the  periaqueductal  gray  descend  to  the  brain 
stem  nucleus  of  the  raphe  and  the  locus  co'eruleus.  Serotonergic 
and  adrenergic  neurons,  respectively,  descend  to  the  spinal  cord 
to  modulate  the  transmission  of  the  pain  signal  at  that  level. 


Opioid  Reinforcement, Tolerance, 
and  Dependence 

Although  the  opiates  are  the  best  pain  reducing  drugs 
presently  available,  their  use  continues  to  be  problematic 
because  of  the  potential  for  abuse.  The  drugs  in  this  class  are 
highly  reinforcing,  and  despite  strict  legal  controls  they 
sometimes  wind  up  in  the  hands  of  individuals  who  abuse 
these  substances.  Furthermore,  chronic  use  leads  to  tolerance 
and  ultimately  to  physical  dependence. 


Animal  testing  shows  significant  reinforcing 
properties 

Experimental  techniques  used  to  demonstrate  the  reinforce- 
ment value  of  opiates  are  described  in  Chapter  4.  Intracere- 
bral electrical  self-stimulation  allows  subjects  to  press  a lever 
in  order  to  self- administer  a weak  electric  current  to  certain 
brain  areas  that  constitute  central  reward  pathways.  When 
the  animal  presses  the  lever,  electrical  activation  causes 
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Figure  10.16  PET  scans  showing  endogenous  opioid 
activation  during  sustained  pain  In  subjects  injected  with 
^Cjcarfentanil,  endogenous  opioid  action  is  shown  by  the 
ability  of  the  endogenous  opioid  to  displace  the  radiolabeled 
p-receptor  ligand  from  the  receptors.  Pain  was  induced  by  con- 
tinuous infusion  of  hypertonic  saline  in  the  masseter  muscle 
and  was  compared  to  a control  condition  of  isotonic  saline 
infusion.  (A)  Activation  of  the  p-opioid  system  in  the  nucleus 
accumbens  (NAcc),  amygdala  (Amy),  and  anterior  thalamus 


release  of  neurotransmitters  from  the  nerve  terminals  in  the 
region,  which  in  turn  mediate  a rewarding  effect.  The  fact 
that  morphine  and  other  opioids  lower  the  electric  current 
threshold  for  self-stimulation  indicates  that  the  drugs 
enhance  the  brain  reward  mechanism. 

Using  the  drug  self-administration  technique,  one  strik- 
ing finding  is  that  the  reinforcement  value  and  the  pattern  of 
opioid  use  in  animals  are  quite  similar  to  those  seen  in 
humans.  Self-injection  gradually  increases  over  time  until  the 
animals  self-administer  a stable  and  apparently  optimal 
amount  of  drug.  The  ability  of  animals  to  maintain  a stable 
blood  level  is  demonstrated  by  pretreatment  with  morphine, 
codeine,  or  meperidine  which  subsequently  reduces  intra- 
venous self-administration  of  morphine.  In  contrast,  when 
some  receptors  are  blocked  with  naloxone,  the  self-adminis- 
tration rate  increases  and  matches  that  seen  during  mor- 
phine abstinence.  It  is  evident  from  these  studies  that  the  ani- 
mals learn  to  regulate  with  some  accuracy  the  amount  of 
morphine  that  they  require.  Dose-response  curves  can  be 
used  to  compare  the  relative  potencies  of  opiate  drug  rein- 
forcement (Woods  et  al.,  1993). 

The  endogenous  opioid  (3-endorphin  is  also  self-adminis- 
tered, which  strongly  suggests  that  it  mediates  opioid  rein- 


(Thal) after  the  subjects  were  exposed  to  the  prolonged  nox- 
ious stimulus.These  increases  were  negatively  correlated  with 
the  subjects'  sensory  scores  of  pain.  (B)  p-opioid  activity  in  the 
bilateral  anterior  cingulate  cortex  (ACC)  and  anterior  thalamus 
and  unilaterally  in  the  NAcc. These  increases  were  negatively 
correlated  with  pain  affect  scores. Therefore,  the  greater  the  p- 
opioid  activation  in  these  areas,  the  lower  was  the  emotional 
component  of  pain.  (Courtesy  of  Dr.  Jon-Kar  Zubieta.) 


forcement.  Beta-endorphin  self-administration  is  blocked  by 
either  p-  or  8-receptor  antagonists.  Thus,  both  types  of  recep- 
tor are  involved  in  reward  processes.  In  contrast,  K-agonists 
fail  to  produce  self-injection  and  may  induce  aversive  states, 
leading  to  avoidance  behavior  (Shippenberg,  1993). 

Dopaminergic  and  nondopaminergic 
components  contribute  to  opioid  reinforcement 

There  are  two  important  methods  used  to  identify  the  neu- 
robiology of  opiate  reinforcement.  In  one,  self-administra- 
tion of  opioid  ligands  microinjected  into  discrete  brain  areas 
is  evaluated.  Second,  selective  lesions  are  used  to  identify  the 
brain  areas  and  neurotransmitter  pathways  that  eliminate 
opiate-induced  reinforcement. 

Microinjection  studies  from  many  laboratories  demon- 
strate the  contribution  of  the  dopaminergic  mesolimbic 
pathway  to  opiate  reinforcement.  This  pathway  originates  in 
the  ventral  tegmental  area  (VTA)  of  the  midbrain  and  proj- 
ects to  limbic  areas  including  the  nucleus  accumbens  (NA). 
Return  to  Figure  5.7  to  review  the  important  dopamine 
(DA)  pathways  in  the  brain.  Self-administration  of  mor- 
phine or  endogenous  peptides  occurs  when  the  microcan- 
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nula  is  implanted  near  the  dopamine  cell  bodies  within  the 
VTA.  Intra-VTA  microinjection  of  morphine  or  selective  p- 
agonists  also  produces  conditioned  place  preference  and 
reduces  the  threshold  for  intracranial  electrical  self-stimu- 
lation. Each  of  these  results  argues  for  a direct  action  of  opi- 
ates on  central  reward  mechanisms  served  by  the  mesolim- 
bic  pathway. 

But  what  exactly  happens  to  the  cells  in  the  VTA  in  the 
presence  of  opiates?  First,  both  systemic  opiates  and  opiates 
microinjected  into  the  VTA  increase  dopaminergic  cell  fir- 
ing, which  subsequently  increases  the  release  of  dopamine 
and  its  metabolites  in  the  NA.  Intraventricular  (3-endorphin 
produces  similar  enhancements  of  neuronal  firing.  In  con- 
trast, K-agonists  produce  the  opposite  effects  on  mesolimbic 
neurons  and  reduce  dopaminergic  neuronal  activity  and 
subsequent  DA  turnover  (release  and  metabolism).  Since 
microinjected  K-agonists  produce  conditioned  place  aver- 
sions, it  seems  possible  that  the  mesolimbic  dopamine  sys- 
tem may  mediate  aversive  effects  of  opiates  as  well  as  their 
reinforcing  properties  (Shippenberg  et  al.,  1991). 

A model  of  the  opposing  effects  of  opioid  neurons  on 
mesolimbic  dopaminergic  cells  is  shown  in  Figure  10.17. 
Beta-endorphin  and  opiate  drugs  seem  to  increase  VTA  cell 
firing  by  inhibiting  the  GABA-inhibitory  cells  found  in  the 
VTA.  They  can  decrease  the  release  of  GABA  by  opening  K+ 
channels  or  reducing  Ca2+  influx  on  GABA  terminals.  This 
inhibition  of  inhibitory  neurons  leads  to  increased  firing  and 
greater  DA  release  in  the  NA.  The  endogenous  peptide  dynor- 
phin,  which  acts  on  K-receptors  on  the  terminals  of  the  DA 
neurons,  can  reduce  the  release  of  DA  by  similar  mechanisms. 

How  sure  are  we  that  mesolimbic  DA  is  really  important? 
DA  receptor  antagonists  block  the  reinforcing  effects  of  opi- 
ates when  evaluated  by  each  of  the  three  behavioral  meas- 
ures. However,  inducing  lesions  of  dopaminergic  neurons 
with  the  neurotoxin  6-hydroxydopamine  (6-OHDA)  reduces 
(but  does  not  abolish)  the  reinforcement  value.  The  fact  that 
heroin  self-administration  is  only  partially  reduced  rather 
than  eliminated  by  the  lesion  certainly  suggests  that  other 
brain  areas  and  other  neurotransmitters  in  addition  to 
dopamine  are  also  involved.  Although  these  studies  clearly 
support  earlier  results  showing  that  increased  mesolimbic 


firing  is  a common  link  in  the  actions  of  many  self-adminis- 
tered drugs,  including  ethanol,  nicotine,  and  psychostimu- 
lants (see  Chapter  8),  opiates  do  not  have  to  release  mesolim- 
bic dopamine  to  be  reinforcing  (Gerrits  and  Vanree,  1996). 

Further,  the  mesolimbic  pathway  may  be  more  specifical- 
ly involved  in  the  salience  (or  significance)  of  events  to  an 
individual.  What  we  mean  is  that  the  dopaminergic  cell  firing 
may  tell  an  organism  when  some  event  is  important  or 
meaningful,  regardless  of  whether  it  is  appetitive  (positive) 
or  aversive  (negative).  We  would  therefore  have  incentive  (or 
motivation)  to  approach  (in  the  case  of  a reinforcer)  or  avoid 
(in  the  case  of  a noxious  event)  a particular  significant  stim- 
ulus. This  idea  has  been  developed  in  the  “incentive-sensiti- 
zation” hypothesis  of  addiction  (see  the  section  on  long-term 
opiate  use  later  in  the  chapter). 

The  consequences  of  long-term  opiate 
use  include  tolerance,  sensitization, 
and  dependence 

You  have  just  read  about  the  acutely  rewarding  effects  of  opi- 
ates, which  increase  the  likelihood  that  the  drug  will  be  used 
again.  Chronic  use  subsequently  leads  to  neuroadaptive 
changes  in  the  nervous  system,  which  are  responsible  for  tol- 
erance, sensitization,  and  dependence. 

Tolerance  (see  Chapter  1)  refers  to  the  diminishing  effects 
of  a drug  with  repeated  use,  and  it  occurs  for  all  of  the  opi- 
oids, including  the  endorphins.  Although  tolerance  to  the 
opiates  develops  quite  rapidly,  tolerance  does  not  occur  for 
all  of  the  pharmacological  effects  to  the  same  extent  or  at  the 
same  rate.  For  example,  tolerance  to  the  analgesic  effect 
occurs  relatively  rapidly,  but  the  constipating  effects  and  the 
pinpoint  pupils  persist  even  after  prolonged  opiate  use. 

Cross-tolerance  among  the  opiates  also  exists.  For  this 
reason,  when  tolerance  develops  to  one  opiate  drug,  other 
chemically  related  drugs  also  show  a reduced  effectiveness. 
For  instance,  following  chronic  heroin  use,  treatment  with 
codeine  will  elicit  a smaller-than-normal  response  even  if  the 
individual  has  never  used  codeine  before.  Since  we  now 
know  that  at  least  three  types  of  opiate  receptors  exist,  we 
might  wonder  whether  the  receptor  subtype  plays  a role  in 
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Figure  10.17  Model  of  the  effects 
of  opiates  on  mesolimbic 
dopaminergic  cells  The  (3-endorphin 
cell  has  an  inhibitory  effect  on  the  nor- 
mally inhibitory  GABAergic  cell,  allow- 
ing the  firing  rate  of  the  mesolimbic 
dopaminergic  cells  to  increase  and  the 
cells  to  release  more  dopamine  in  the 
nucleus  accumbens.  In  contrast,  the 
dynorphin  cell  inhibits  the  release  of 
dopamine  from  the  mesolimbic  cell  by 
preventing  calcium  entry. 
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cross-tolerance.  Indeed,  it  seems  that  selective  agonists  for 
the  |i-receptor  reduce  the  effectiveness  of  other  p-receptor 
agonists,  but  only  minimally  reduce  K- agonists’  activity.  Like- 
wise, repeated  exposure  to  K-agonists  diminishes  the  effects 
of  other  K-agonists  but  not  p-agonists. 

As  is  true  for  many  drugs,  several  mechanisms  are  respon- 
sible for  the  development  of  tolerance  to  the  opioids.  An 
increased  rate  of  metabolism  with  repeated  use  (drug  dispo- 
sition tolerance)  is  responsible  for  some  small  portion  of 
opioid  tolerance.  Classical  conditioning  processes  also  con- 
tribute to  this  phenomenon.  However,  most  tolerance  is 
based  on  changes  in  nerve  cells  that  compensate  for  the  pres- 
ence of  chronic  opioids  (pharmacodynamic  tolerance).  The 
cell  mechanisms  are  discussed  in  more  detail  in  the  section 
on  neurobiological  adaptation  and  rebound. 

Under  some  circumstances,  repeated  exposure  to  opiates 
produces  sensitization.  Sensitization  refers  to  the  increase 
in  drug  effects  that  occurs  with  repeated  administration. 
Robinson  and  Berridge  (2001)  propose  that  in  the  case  of 
substance  abuse  the  motivation  (incentive)  to  approach, 
better  called  craving  or  desire  for  the  drug,  undergoes  sen- 
sitization. Meanwhile,  the  neural  mechanism  responsible 
for  the  high,  or  liking  of  the  drug,  remains  unchanged  or 
decreases  as  tolerance  develops  over  repeated  administra- 
tion. Both  the  decrease  in  liking  and  increase  in  craving 
lead  to  further  drug  taking  and  may  explain  the  intense 
compulsion  to  use  a drug  that  no  longer  produces  pleasur- 
able effects. 

The  third  consequence  of  chronic  opioid  use  is  the  occur- 
rence of  physical  dependence  (see  Chapter  8),  which  is  a neu- 
roadaptive  state  that  occurs  in  response  to  the  long-term 
occupation  of  opioid  receptors.  When  the  drug  is  no  longer 
present,  cell  function  not  only  returns  to  normal,  but  over- 
shoots basal  levels.  The  effects  of  drug  withdrawal  are  a 
rebound  in  nature  and  are  demonstrated  by  the  occurrence  of 
a pattern  of  physical  disturbances  called  the  withdrawal  or 
abstinence  syndrome.  Since  opiates  in  general  depress  CNS 
function,  we  consider  opiate  withdrawal  to  be  a rebound 
hyperactivity  (Table  10.2).  You  already  know  that  opiate 
effects  are  due  to  drug  action  at  various  receptors  in  a variety 
of  locations  in  the  CNS  and  elsewhere  in  the  body,  so  it 
should  not  be  a surprise  to  learn  that  the  abstinence  signs 
reflect  a loss  of  inhibitory  opioid  action  at  all  of  those  same 
receptors  as  blood  levels  of  the  drug  gradually  decline.  With- 
drawal can  also  be  produced  by  administering  an  opioid 
antagonist  that  competes  with  the  drug  molecules  for  the 
receptors  and  thus  functionally  mimics  the  termination  of 
drug  use.  Note,  however,  that  the  withdrawal  following  antag- 
onist administration  is  far  more  severe  than  that  following 
drug  cessation  because  the  opiate  receptors  are  more  rapidly 
deprived  of  opiate. 

Opiate  withdrawal  is  not  considered  life-threatening,  but 
the  symptoms  are  extremely  unpleasant  and  include  pain 
and  dysphoria,  restlessness,  and  fearfulness,  as  well  as  several 


TABLE  1 0.2  Acute  Effects  of  Opioids  and  Rebound 
Withdrawal  Symptoms 


Acute  action 

Withdrawal  sign 

Analgesia 

Pain  and  irritability 

Respiratory  depression 

Panting  and  yawning 

Euphoria 

Dysphoria  and  depression 

Relaxation  and  sleep 

Restlessness  and  insomnia 

Tranquilization 

Fearfulness  and  hostility 

Decreased  blood  pressure 

Increased  blood  pressure 

Constipation 

Diarrhea 

Pupil  constriction 

Pupil  dilation 

Hypothermia 

Hyperthermia 

Drying  of  secretions 

Tearing,  runny  nose 

Reduced  sex  drive 

Spontaneous  ejaculation 

Flushed  and  warm  skin 

Chilliness  and  “gooseflesh” 

symptoms  that  are  flu-like  in  nature.  How  severe  the  symp- 
toms are  and  how  long  they  last  depends  on  a number  of  fac- 
tors: the  particular  drug  used  as  well  as  the  dose,  frequency, 
and  duration  of  drug  use  and  the  health  and  personality  of 
the  addict.  To  give  an  example,  morphine  withdrawal  symp- 
toms generally  peak  36  to  48  hours  after  the  last  administra- 
tion and  disappear  within  7 to  10  days.  In  contrast,  metha- 
done, which  has  a more  gradual  onset  of  action  and  is  longer 
lasting,  has  a withdrawal  syndrome  that  does  not  abruptly 
peak  but  increases  to  a gradual  maximum  after  several  days 
and  decreases  gradually  over  several  weeks.  Abstinence  for 
the  very  long-acting  opiate  L-acetylmethadol  (LAAM)  is  even 
more  prolonged,  but  as  is  true  for  all  of  the  longer-lasting 
opiates,  the  withdrawal  signs  are  milder  (Figure  10.18A  and 
B).  From  this  you  should  conclude  that  the  longer  the  dura- 
tion of  action  of  the  opiate,  the  more  prolonged  is  the  absti- 
nence syndrome  but  the  lower  the  intensity  of  the  syndrome. 
At  the  point  when  abstinence  signs  end,  the  user  is  consid- 
ered to  be  detoxified. 

Readministering  the  opiate  any  time  during  withdrawal 
will  dramatically  eliminate  all  the  symptoms.  In  addition, 
administering  any  other  opiate  drug  will  also  stop  or  reduce 
the  withdrawal  symptoms  because  these  agents  show  cross 
dependence.  This  characteristic  plays  an  important  part  in 
drug  abuse  treatment  and  is  discussed  further  later  in  the 
chapter. 

It  may  be  surprising  to  learn  that  although  physical 
dependence  commonly  occurs  following  chronic  opiate  use, 
it  does  not  necessarily  lead  to  abuse  or  addiction.  Patients 
treated  with  opiates  for  protracted  pain  (e.g.,  postsurgical  or 
cancer-related  pain)  show  both  tolerance  and  physical 
dependence,  although  withdrawal  signs  can  be  minimized  by 
gradually  reducing  the  dose  when  pain  relief  is  no  longer 
needed.  However,  it  is  relatively  rare  to  have  a patient  with 
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Figure  1 0.1 8 Relationship  between  acute  effects  and 
withdrawal  (A)  Time  course  showing  the  intensity  and  dura- 
tion of  the  acute  effects  of  intravenous  heroin  and  oral 
methadone,  and  (B)  the  corresponding  intensity  and  duration 
of  withdrawal  after  chronic  drug  treatment. 

chronic  pain  show  addictive  behaviors.  Physicians’  unfound- 
ed fears  of  such  addiction  have  prevented  many  individuals 
from  receiving  the  relief  from  severe  pain  that  they  require. 
Failure  to  use  adequate  painkilling  treatment  produces  much 
more  suffering  and  subsequently  much  slower  healing  than  is 
warranted.  Transdermal  patches  and  patient-controlled  drug 
delivery  systems  are  drug  administration  techniques  that 
provide  more  humane  control  of  pain  and  more  effective 
recovery. 

Several  brain  areas  contribute  to  the  opioid 
abstinence  syndrome 

The  signs  of  withdrawal  represent  the  rebound  hyperactivity 
in  many  different  systems,  including  the  gastrointestinal 


tract,  the  autonomic  nervous  system,  and  many  sites  within 
the  brain  and  spinal  cord.  In  order  to  identify  which  of  the 
many  brain  areas  are  involved  in  the  appearance  of  the  par- 
ticular signs  of  abstinence,  an  animal  model  is  used.  Pellets 
of  opioid  drugs  are  implanted  under  the  skin  so  that  the  sub- 
cutaneous administration  produces  significant  blood  levels 
of  drug  over  a week  or  more.  After  the  animals  have  become 
physically  dependent,  selective  intracerebral  injection  of  an 
opiate  antagonist  produces  distinctive  and  easily  quantifiable 
signs  of  withdrawal.  Withdrawal  signs  in  rodents  include 
jumping,  rearing,  “wet-dog”  shakes,  and  increased  locomo- 
tor behavior.  Intracerebral  injection  of  opiate  antagonists 
into  specific  brain  areas  can  help  to  identify  which  sites  pro- 
duce particular  signs  of  abstinence.  Based  on  these  measures, 
no  single  brain  area  has  been  found  to  precipitate  the  entire 
withdrawal  syndrome,  but  the  locus  coeruleus  and  the  PAG 
are  particularly  sensitive  to  the  antagonist  in  terms  of  pre- 
cipitating withdrawal.  As  you  will  see  in  the  next  section,  the 
locus  coeruleus  has  become  a neurochemical  model  for 
dependence. 

In  Chapter  8 you  learned  that  the  nucleus  accumbens  is  a 
limbic  structure  that  is  particularly  important  for  the  rein- 
forcement value  of  many  abused  substances.  For  this  reason 
it  is  somewhat  surprising  that  microinjection  of  opiate 
antagonists  into  this  area  is  not  very  effective  in  eliciting  bod- 
ily signs  of  withdrawal  in  a dependent  animal.  However, 
Koob  and  coworkers  (1992)  have  suggested  that  the  NA  may 
be  important  in  the  aversive  stimulus  effects  or  motivational 
aspect  of  opiate  withdrawal.  This  conclusion  was  based  on  a 
series  of  experiments  in  which  opiate-dependent  rats  experi- 
enced naloxone-precipitated  withdrawal  in  a novel  environ- 
ment. Under  such  conditions,  the  animals  develop  a place 
aversion  for  the  novel  location  and  remain  in  an  adjacent 
compartment  (see  Figure  4.22).  Koob  and  colleagues  were 
interested  in  finding  out  which  brain  area,  when  microin- 
jected  with  antagonist,  is  responsible  for  the  place  aversion. 
They  found  that  the  areas  most  sensitive  to  low  doses  of 
antagonist  are  the  NA,  followed  by  the  amygdala  and  PAG. 
In  conclusion,  the  brain  areas  implicated  in  the  physiologi- 
cal response  to  opiate  withdrawal  are  the  PAG  and  locus 
coeruleus,  which  may  also  mediate  withdrawal- induced  anx- 
iety, while  the  nucleus  accumbens  is  likely  responsible  for  the 
aversive  qualities  of  withdrawal  as  well  as  some  of  the  posi- 
tive-reinforcing values  of  opiate  use. 

Neurobiological  adaptation 
and  rebound  constitute  tolerance 
and  withdrawal 

The  classic  hypothesis  of  opioid  tolerance  and  dependence  was 
first  developed  by  Himmelsbach  (1943)  and  is  shown  in  Fig- 
ure 10.19A.  He  suggested  that  acute  administration  of  mor- 
phine disrupts  the  organism’s  homeostasis,  but  repeated 
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Figure  1 0.1 9 Model  of  tolerance  and  withdrawal  (A)  Himmelsbach's  theo- 
retical model  suggests  that  the  nervous  system  adapts  to  the  disturbing  presence 
of  a drug,  so  tolerance  develops;  but  if  the  drug  is  suddenly  withdrawn,  the  adap- 
tive mechanism  continues  to  function,  causing  a rebound  in  physiological  effects 
(withdrawal).  (B)  Morphine  acutely  inhibits  the  synthesis  of  cAMP,  but  the  effect 
becomes  less  as  tolerance  develops  and  neural  adaptation  occurs.  If  morphine  is 
suddenly  withdrawn,  a far  larger  than  normal  amount  of  cAMP  is  produced,  sug- 
gesting that  the  adaptive  mechanism  is  still  operating.  With  time,  the  cells  once 
again  adapt,  now  to  the  absence  of  the  drug. 


administration  of  the  drug  initiates  an  adaptive  mechanism 
that  compensates  for  the  original  effects  and  returns  to  the  nor- 
mal homeostasis.  At  this  point  tolerance  to  the  drug  would 
have  occurred,  since  the  same  dose  of  morphine  no  longer  pro- 
duces the  original  disturbance.  When  morphine  administra- 
tion is  abruptly  stopped,  the  drugs  effects  on  the  body  are  ter- 
minated but  the  adaptive  mechanism  remains  active  and 
overcompensates.  The  subsequent  disruption  of  homeostasis 
is  the  withdrawal  syndrome. 

Although  the  Himmelsbach  model  was  entirely  theoreti- 
cal, in  the  mid-1970s  a physiological  correlate  was  described 


by  Sharma  and  coworkers  (1975).  They 
used  cells  with  opiate  receptors  and  main- 
tained them  in  cell  culture.  They  found  that 
the  acute  administration  of  morphine 
caused  an  inhibition  of  adenylyl  cyclase,  the 
enzyme  that  manufactures  cAMP  (Figure 
10.19B).  Himmelsbach  would  call  this  stage 
“disturbed  homeostasis.”  However,  when 
the  cells  were  kept  in  the  morphine  solution 
for  2 days,  they  showed  tolerance  to  the 
drug  s inhibitory  effect.  That  is,  after  2 days 
they  had  levels  of  cAMP  equal  to  control 
cells  that  had  not  been  exposed  to  mor- 
phine. Apparently,  the  adaptive  mechanism 
proposed  by  Himmelsbach  became  effec- 
tive. When  the  opiate  was  abruptly  removed 
from  the  cell  culture  solution  or  naloxone 
was  added,  the  concentration  of  cAMP  rose 
significantly  above  control  levels.  This 
rebound  in  cAMP  levels  corresponds  with 
the  withdrawal  phenomenon  and  clearly 
represents  disturbed  homeostasis  again. 
Other  parts  of  the  cAMP  system  such  as 
cAMP-dependent  protein  kinase  and  phos- 
phorylated  neuronal  proteins  are  also  up- 
regulated  by  the  chronic  use  of  opiates. 

The  relationship  of  cAMP  to  neural  activ- 
ity and  the  withdrawal  syndrome  is  suggested 
by  the  parallel  time  course  of  changes  in 
those  three  factors.  Nestler  and  coworkers 
(1994)  examined  the  electrophysiological 
effects  of  morphine  on  cells  in  the  locus 
coeruleus.  The  acute  effect  of  opioids  acting 
at  p-receptors  is  hyperpolarization  and 
reduced  rate  of  firing.  Repeated  exposure  to 
opiates  produced  a gradual  increase  in  firing 
rates  of  locus  coeruleus  cells  as  tolerance 
developed.  Administration  of  an  opiate 
antagonist  after  chronic  opiate  treatment 
induced  a significant  rise  in  firing  rate  to  lev- 
els well  above  pretreatment  levels,  reflecting 
a rebound  withdrawal  that  gradually 
returned  to  normal.  A similar  time  course  occurred  for  the 
overshoot  of  cAMP  synthesis  and  its  return  to  control  levels. 
Behavioral  manifestations  of  abstinence  also  declined  over  the 
same  72-hour  period. 

Environmental  cues  have  a role  in  tolerance ; 
drug  abuse , and  relapse 

We  have  already  alluded  to  the  idea  that  environmental  fac- 
tors can  be  classically  conditioned  to  parts  of  the  drug  expe- 
rience (see  the  section  on  behavioral  tolerance  in  Chapter  1). 
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Conditioning  theory  has  also  been  applied  to  the  develop- 
ment of  tolerance  to  opiates.  Siegel  (1989)  and  Tiffany  et  al. 
(1992)  propose  that  narcotic  tolerance  is  in  part  the  result  of 
the  learning  of  an  association  between  the  effects  of  the  drug 
and  the  environmental  cues  that  reliably  precede  the  drug 
effects.  Several  experiments  have  shown  that  after  repeated 
drug  administration  in  a particular  environment,  the  animal 
begins  to  show  anticipatory  physiological  responses  when  it 
is  in  that  same  situation.  Thus  it  is  argued  that  tolerance  to 
the  analgesic  effects  of  morphine  results  because  environ- 
mental cues  regularly  paired  with  drug  administration  begin 
to  elicit  the  compensatory  response  of  hyperalgesia,  which 
diminishes  the  analgesic  effect  of  the  drug.  Some  have  sug- 
gested this  mechanism  as  the  basis  for  some  of  the  drug  over- 
dose fatalities  among  addicts.  One  would  have  to  assume  that 
an  addict  who  has  developed  significant  tolerance  to  his  drug 
of  choice  in  his  standard  environment  might  find  that  his 
tolerance  is  much  less  if  he  uses  the  drug  in  a novel  situation. 
His  usual  dose  may  then  be  enough  to  produce  overdose. 

Environmental  factors  can  also  clearly  have  a role  in  por- 
tions of  the  drug  experience.  For  example,  if  euphoria  is  asso- 
ciated with  certain  stimuli  such  as  the  camaraderie  of  the 
drug-using  subculture,  drug-acquisition  activities,  or  drug 
injection  rituals,  those  aspects  of  the  environment  will  act  as 
secondary  reinforcers,  strengthening  the  drug-taking  behav- 
ior. What  this  means  is  that  many  components  of  drug-tak- 
ing behavior  become  so  closely  associated  with  the  drug- 
induced  euphoria  and  sense  of  well-being  that  they  are  in 
themselves  reinforcing.  This  association  can  be  used  to 
explain  the  unusual  behavior  of  the  “needle 
freak”  who  can  inject  any  substance  and  achieve 
some  measure  of  the  “high”  associated  with  drug 
taking.  Childress  et  al.  (1999)  reported  changes 
in  limbic  system  neural  activity  as  measured  by 
PET  scans  of  increased  cerebral  blood  flow  in 
drug  users  who  were  merely  exposed  to  drug 
cues  that  increase  their  craving.  The  brain  areas 
activated  were  similar  to  those  activated  by  the 
drug  (cocaine).  Increased  metabolic  activity  in 
the  amygdala  and  anterior  cingulate  (Figure 
10.20)  during  cue-induced  craving  suggests  the 
importance  of  emotional  memory  (amygdala) 
and  emotional  expectation  (anterior  cingulate) 
to  the  conditioning.  Since  these  regions  are  both 
connected  to  the  nucleus  accumbens  and  are 
activated  during  drug  exposure,  it  is  reasonable 
to  suggest  that  they  help  the  individual  learn  the 
signals  that  are  linked  to  rewarding  events.  When 
these  cues,  acting  as  secondary  reinforcers,  are 
present,  they  may  act  as  primers  that  promote 
drug  taking  because  they  remind  the  individual 
of  how  the  drug  feels. 

Abstinence  symptoms  can  likewise  be  classi- 
cally conditioned.  Detoxified  rats  showed  an 


increase  in  withdrawal  “wet- dog”  shakes  when  returned  to  a 
physically  distinctive  cage  where  they  had  undergone  mor- 
phine withdrawal  several  months  earlier  (Wilder,  1973). 

Objective  (respiration  rate,  skin  temperature,  heart  rate) 
and  subjective  elements  of  narcotic  withdrawal  symptoms  can 
be  experimentally  conditioned  to  environmental  stimuli  in 
humans  as  well  (Childress  et  al.,  1986).  The  high  rate  of  relapse 
among  detoxified  addicts  may  be  due  to  the  conditioned  absti- 
nence syndrome  in  the  old  environment.  O’Brien  (1993)  and 
others  have  presented  reports  of  addicts  who  describe  with- 
drawal symptoms  when  they  visit  areas  of  prior  drug  use  even 
years  after  the  withdrawal  syndrome  has  ended.  These  findings 
have  convinced  many  researchers  that  learning  is  a critical  fac- 
tor in  opiate  addiction  (Box  10.2).  Under  what  circumstance 
individuals  develop  drug-enhancing  associations  or  drug- 
opposing  responses  is  not  clear,  but  the  mesolimbic  dopamine 
pathway  may  be  involved  in  both  (Self  and  Nestler,  1995). 


Treatment  Programs  for  Opiate  Addiction 

Treating  opiate  addiction  requires  understanding  the  multi- 
ple contributors  to  the  problem.  Treatment  clearly  depends 
on  more  than  eliminating  the  drug  from  the  body  (detoxifi- 
cation), since  the  relapse  rate  for  detoxified  addicts  is  very 
high.  Ultimately,  a host  of  behavioral  and  social  factors  must 
be  identified  and  altered  for  a successful  outcome. 

Most  drug  treatment  programs  utilize  a biopsychoso- 
cial model  as  the  basis  for  therapy.  Models  in  this  category 
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Figure  1 0.20  PET  scans  of  cerebral  blood  flow  in  a cocaine  addict 
while  exposed  to  a non-drug-related  video  (nature)  and  during  a cocaine- 
related  video  containing  many  cues.  Areas  with  the  greatest  activity  are 
shown  in  red.  Activity  in  the  amygdala  and  anterior  cingulate  are  significant- 
ly increased  during  the  cocaine  video.  (From  Childress  et  al.,  1 999.) 
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BOX  10.2 


Role  of  NMD  A Receptors  in  Tolerance  and  Dependence 


Despite  the  many  centuries  of  effec- 
tive treatment  with  opiate  drugs,  it 
has  never  been  possible  to  separate 
effectiveness  from  the  development 
of  tolerance  and  dependence.The 
goal  with  opiate.therapeutics  has 
always  been  to  keep  the  dose  as  low 
as  possible  to  provide  needed  relief 
from  pain  and  avoid  the  increasing 
side  effects  that  occur  as  the  dose  is 
increased.  Unfortunately,  tolerance  to 
the  analgesic  effect  makes  it  neces- 
sary to  raise  the  dose,  while  some  of 
the  most  troubling  side  effects,  such 
as  constipation,  do  not  decrease  and 
therefore  become  an  increasing  prob- 
lem. Also,  although  the  withdrawal 
syndrome  can  be  minimized  by  grad- 
ually tapering  the  dose  of  the  drug, 
the  risk  of  abstinence  signs  is  some- 
thing most  clinicians  would  ideally 
avoid.  Inturrisi  (1 997), Trujillo  (2000), 
and  others  have  suggested  that  if  we 
could  better  understand  the  neural 
basis  for  opiate  tolerance  and 
dependence,  we  might  administer 
non-opioid  drugs  that  prevent  these 
phenomena  along  with  opiates,  with- 
out diminishing  the  analgesia. 

Tolerance  and  physical  depend- 
ence are  reversible  changes  in  behav- 
ior based  on  experience  and  neuroad- 
aptation to  the  presence  of  the  drug 
and  hence  represent  the  plasticity 
of  the  nervous  system.  Earlier  we 
described  the  contribution  of  learning 
processes  such  as  drug-environment 
associations  to  tolerance  and  other 
components  of  drug  taking.  Since  the 
neurotransmitter  glutamate  and  its 
NMDA  (/V-methyl-D-aspartate)  recep- 
tor are  critical  for  associative  learning 
and  memory  (see  Chapter  7), 
researchers  have  begun  to  evaluate 
the  role  of  that  system  in  substance 
abuse.The  earliest  evidence  support- 
ing a role  for  glutamate  in  opiate  tol- 
erance and  dependence  used  pre- 
treatment with  the  noncompetitive 
NMDA  antagonist  dizocilpine  (MK- 


801)  along  with  chronic  morphine. 
MK-801  reduced  the  development  of 
tolerance  to  the  analgesic  effects  of 
chronic  morphine  (9  days  of  treat- 
ment), as  measured  with  the  rat  tail- 
flick  test,  but  did  not  change  the  acute 
analgesic  effects.The  drug  does  not 
have  analgesic  effects  itself  (Figure  A). 
Dizocilpine  additionally  interfered 
with  the  development  of  physical 
dependence  to  morphine,  as  demon- 
strated by  naloxone-precipitated 
withdrawal  after  chronic  treatment.  It 
is  important  to  realize  that  although 
the  NMDA  antagonist  prevented  the 
acquisition  of  tolerance  and  physical 
dependence,  it  did  not  reverse  their 
expression  if  the  antagonist  was  given 
after  they  had  developed. That  means 
that  the  glutamate  antagonist  pre- 
vented the  neural  plasticity  and  learn- 
ing component  of  tolerance  and 
dependence.  Other  research  also  sug- 
gests NMDA  receptor  involvement  in 


sensitization  (reverse  tolerance). The 
MK-801  treatment  also  prevents  the 
plasticity  changes  when  given  chroni- 
cally along  with  other  drugs,  including 
amphetamine,  cocaine,  nicotine,  alco- 
hol, benzodiazepines,  barbiturates, 
and  cannabinoids.  It  would  appear 
that  glutamate,  acting  at  NMDA 
receptors  which  increase  intracellular 
calcium,  may  have  a common  role  in 
experience-induced  changes  for 
many  drugs  (Trujillo,  2000). 

A good  pharmacology  student 
might  now  be  wondering  whether 
the  NMDA  receptor  blockade  with 
MK-801  is  unique  or  whether  other 
NMDA  receptor  antagonists  would 
act  similarly.  As  you  see  in  the  table,  all 
the  drugs  that  block  NMDA  receptors 
at  several  distinct  sites  (noncompeti- 
tive, competitive,  or  the  glycine  site) 
prevent  morphine  tolerance  and,  in 

(continued  on  next  page) 


(A)  Tolerance  reduced  by  MK-801  Each  day  for  9 days,  four  groups  of  rats  were  inject- 
ed with  a different  combination  of  saline  (sal),  MK-801  (MK),  and  morphine  (Mor).  Anal- 
gesia was  tested  with  the  tail-flick  test  on  alternate  days  after  treatment.  Animals  receiv- 
ing only  saline  or  saline  + MK  were  not  different  from  untreated  animals  (dashed  line). 
Morphine  (Sal-Mor)  initially  increased  latency  showing  analgesia,  but  tolerance  devel- 
oped by  day  7.  In  contrast,  the  MK-Mor  group  showed  the  same  initial  analgesia  and 
much  less  tolerance  over  9 days. 
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BOX  1 0.2  (continued) 


Drugs  That  Prevent  Morphine  Tolerance  and/or  Reduce 
Dependence  in  Rodents 


Drug  type 

Tolerance 

(analgesia)0 

Dependence 

(withdrawal) 

NMDA  receptor  antagonists 

Noncompetitive  site: 

MK-801 

+ 

+ 

Dextromethorphan 

+ 

+ 

Dextrorphan 

+ 

NT 

Ketamine 

+ 

NT 

Phencyclidine 

+ 

NT 

d-methadone 

+ 

NT 

Competitive  site: 

LY274614 

+ 

+ 

NPC17742 

+ 

NT 

Glycine  site: 

ACPC 

+ 

NT 

ACEA-1328 

+ 

NT 

Nitric  oxide  synthase  inhibitors 

NOArg 

+ 

+ 

NAME 

+ 

+ 

7NI 

NT 

+ 

Source:  After  Inturrisi,  1997. 
a +,  significantly  reduced;  NT,  not  tested 


those  cases  where  tested,  also  block 
morphine  dependence. 

Thus  far  we  have  looked  only  at 
behavioral  measures.  Does  NMDA 
antagonism  also  prevent  opioid- 
induced  neuronal  changes  after 
repeated  administration?  Mao  and 
colleagues  (1995)  found  that  MK-801 
prevented  tolerance  to  the  analgesic 
effects  and  in  addition  prevented  the 
increase  of  protein  kinase  C (PKC)  in 
the  dorsal  horn  of  the  spinal  cord  that 
normally  accompanies  chronic  opiate 
use.  Increased  opiate-induced  PKC 
activation  may  phosphorylate  the 
NMDA  receptor,  making  it  easier  to  be 
activated  and  thereby  contributing  to 
tolerance.  Figure  B will  remind  you 
that  increased  NMDA  receptor  action 
increases  calcium  entry,  which  in  turn 
stimulates  nitric  oxide  (NO)  synthase, 
the  enzyme  needed  to  make  nitric 
oxide,  which  may  contribute  to  the 
development  of  tolerance.  Evidence 
presented  in  the  table  suggests  that, 
indeed,  NO  synthase  inhibitors  are 
also  effective  in  reducing  morphine 
tolerance  and  dependence.To  test 
this  model  further,  many  more  experi- 
ments are  called  for,  but  the  possibili- 
ty that  administering  an  NMDA  antag- 
onist along  with  morphine  when 
treating  chronic  pain  has  great  poten- 
tial benefit  for  patients  and  may  in 
addition  provide  a new  direction  for 
opioid  addiction  programs. 


(B)  Opioids  acting  at  their  receptor  site  produce  cell 
changes  causing  analgesia.  In  addition,  they  activate 
protein  kinase  C (PKC),  which  phosphorylates  the  cation 
channel  normally  opened  by  glutamate,  enhancing 
channel  function. That  action  and  its  subsequent  effects 
on  NO  synthesis  may  be  responsible  for  tolerance.  MK- 
801  prevents  the  increase  of  PKC  and  thereby  prevents 
tolerance  effects.  Interrupting  the  intracellular  pathway 
by  preventing  NO  synthesis  is  apparently  an  additional 
site  where  the  development  of  tolerance  can  be  reduced. 
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take  into  account  the  multidimensional  nature  of  chronic 
drug  use: 

1.  The  physiological  effects  of  the  drug  on  nervous  system 
functioning,  as  when  the  opiates  activate  the  mesolimbic 
reward  pathway; 

2.  The  psychological  status  of  the  individual  and  her  unique 
neurochemical  makeup  and  history  of  drug  use;  and 

3.  The  environmental  factors  that  provide  salient  cues  for 
drug  taking  and  powerful  secondary  reinforcement. 

Detoxification  is  the  first  step 
in  the  therapeutic  process 

Detoxification,  or  the  elimination  of  the  abused  drug  from  the 
body,  can  be  assisted  or  unassisted.  Unassisted  detoxification 
is  often  referred  to  as  going  “cold  turkey,”  and  many  addicts 
experience  withdrawal  symptoms  on  a fairly  regular  basis 
because  they  have  difficulty  securing  more  drug.  Alternatively, 
detoxification  may  be  assisted  by  the  administration  of  a long- 
acting  opiate  drug,  such  as  methadone,  which  reduces  the 
symptoms  to  a comfortable  level.  The  dose  of  methadone  is 
gradually  reduced  over  a 5-  to  7-day  period  until  it  can  be  ter- 
minated with  only  mild  symptoms.  Sometimes  the  ^-adren- 
ergic agonist  clonidine  is  used  in  this  stage.  Clonidine  acts  on 
noradrenergic  autoreceptors  to  reduce  norepinephrine  activi- 
ty. Since  the  noradrenergic  neurons  in  the  locus  coeruleus  are 
inhibited  by  opiates  and  the  cells  increase  firing  during  with- 
drawal, clonidine-induced  inhibition  of  firing  reverses  this 
hyperexcitable  state.  The  drug  seems  to  relieve  the  chills,  tear- 
ing, yawning,  stomach  cramps,  sweating,  and  muscle  aches 
that  are  associated  with  the  activity  of  the  locus  coeruleus,  but 
does  not  reduce  the  remaining  withdrawal  symptoms  nor  the 
subjective  discomfort  and  craving  (Gold,  1989;  O’Brien,  1993). 
Unfortunately,  clonidine  itself  has  side  effects  including 
insomnia,  dry  mouth,  sedation,  joint  pain,  and  dizziness.  For 
these  reasons  it  is  not  very  popular  with  addicts,  who  much 
prefer  detoxification  with  an  opiate. 

Treatment  goals  and  programs  rely  on 
pharmacological  support  and  counseling 

Treatment  for  heroin  addiction  offers  several  options  and  may 
be  selected  based  on  availability  in  a given  location,  cost,  or 
personal  preference.  Most  programs  begin  with  detoxification 
before  starting  intensive  treatment  on  either  an  inpatient  or 
outpatient  basis.  Prolonged  periods  of  follow-up  care  and  sup- 
plementary services  are  advantageous  in  preventing  relapse. 

Methadone  maintenance  The  most  commonly  used 
treatment  method  for  heroin  addiction  is  the  methadone 
maintenance  program.  Originally  developed  by  Dole  and 
Nyswander  (1965),  the  program  involves  the  long-term  sub- 


stitution of  one  opiate  drug  for  another.  The  rationale  for  the 
program  is  that  by  having  his  craving  relieved,  the  addict  is 
able  to  redirect  his  energy  away  from  the  activities  needed  to 
secure  the  drug  toward  more  productive  behaviors  such  as 
education  or  job  training.  A large  number  of  studies  over 
many  years  have  shown  that  when  compared  with  any  other 
treatment  method,  methadone  maintenance  was  the  most 
effective  in  reducing  heroin  and  other  illicit  drug  use.  The 
percentage  of  patients  who  remain  abstinent  for  1 to  3 years 
after  withdrawal  of  methadone  has  been  reported  to  be  as 
high  as  80%  among  those  who  continue  in  the  program  for 
the  recommended  duration,  while  among  those  who  drop 
out,  the  abstinence  rate  falls  to  12%.  One  6-year  follow-up 
study  found  that  40%  of  former  methadone  patients  were 
abstinent  from  opiates  and  free  of  other  drug  problems 
(Simpson  et  al.,  1982).  In  addition,  those  addicts  involved  in 
the  program  showed  significantly  lower  rates  of  criminal 
activity,  HIV  infection,  and  mortality,  while  showing  greater 
involvement  in  becoming  self-supporting  (Bertschy,  1995). 
Prolonged  involvement  with  the  program  is  expected,  and  in 
many  cases  methadone  is  used  in  a chronic  fashion,  just  as 
one  would  treat  a diabetic  with  insulin.  Alternatively,  the 
individual  may  be  gradually  weaned  from  the  drug  support, 
but  in  these  cases  relapse  rates  are  higher. 

Methadone  was  chosen  for  use  in  opiate  drug  treatment 
programs  for  several  reasons.  First,  cross  dependence  with 
morphine  or  heroin  means  that  it  can  prevent  the  more 
severe  withdrawal  associated  with  the  abused  drug.  Second, 
the  cross-tolerance  that  develops  to  repeated  methadone  use 
means  the  normal  euphoric  effects  of  heroin  are  reduced  or 
prevented.  If  an  addict  uses  the  illicit  drug  but  gets  little  or  no 
“rush,”  continued  drug  use  should  be  less  likely.  Unfortunate- 
ly, the  tolerance  can  be  overcome  by  high  (and  expensive) 
doses  of  heroin.  In  addition,  methadone  itself  can  produce  a 
“rush”  of  euphoria  if  it  is  injected  intravenously.  For  this  rea- 
son, most  programs  require  a supervised  daily  administration 
of  oral  methadone.  The  oral  administration  of  methadone  is  a 
third  important  factor  in  the  popularity  of  methadone  main- 
tenance because  although  little  or  no  euphoria  occurs  with 
oral  administration,  the  drug  is  fully  effective  in  relieving 
craving  for  opiates.  Craving  is  believed  to  be  an  important 
motive  for  relapse.  In  addition,  oral  administration  reduces 
the  use  of  the  needle  by  the  addict  and  the  ritual  surround- 
ing its  use.  It  also  eliminates  the  danger  of  disease  due  to 
unsterile  injection  techniques.  The  spread  of  infectious  dis- 
eases such  as  hepatitis  and  HIV  is  also  reduced  by  eliminat- 
ing the  need  to  share  contaminated  needles. 

Fourth,  methadone  is  relatively  long-acting,  which  pro- 
duces a more  constant  blood  level  of  drug  such  that  the  indi- 
vidual experiences  fewer  extremes  of  drug  effect.  A more 
even  blood  level  produces  a more  stable  daily  experience  and 
also  normalizes  body  functions  such  as  hormone  secretion. 
Methadone  is  needed  only  once  a day  to  prevent  methadone 
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withdrawal  for  24  to  36  hours.  The  time  course  of  drug 
action  means  daily  contact  and  interaction  with  clinical  staff 
who  can  provide  behavioral  therapy,  group  and  family  coun- 
seling, and  support  in  education  or  job  training.  In  addition, 
medical  care  can  be  provided.  Of  particular  significance  is 
the  prenatal  care  for  pregnant  addicts  and  treatment  of  dis- 
eases, such  as  HIV,  hepatitis,  and  syphilis,  that  are  common 
among  addicted  pregnant  females.  However,  since  metha- 
done passes  the  placental  barrier  like  other  opiates,  the  infant 
at  delivery  will  sometimes  show  withdrawal  signs  including 
tremors,  twitching,  seizures,  vomiting,  diarrhea,  and  poor 
feeding.  These  symptoms  can  be  readily  treated  by  low  doses 
of  opiates,  which  can  then  be  tapered  down  until  no  drug  is 
needed. 

Fifth,  methadone  is  considered  medically  safe  even  with 
long-term  use  and  does  not  interfere  with  daily  activities. 
Unfortunately,  some  side  effects  do  not  diminish  with 
repeated  use,  so  constipation,  excessive  sweating,  reduced  sex 
drive,  and  sexual  dysfunction  may  persist  during  treatment 
for  some  individuals.  It  is  noteworthy  that  long-term  use  of 
any  opiate  drug  has  few  damaging  effects  on  organ  systems. 
The  greatest  dangers  stem  from  poor  living  conditions 
including  inadequate  diet,  lack  of  medical  care,  and  home- 
lessness; dangerous  and  unlawful  behaviors  required  to 
secure  the  drugs;  and  potentially  fatal  side  effects  of  using 
contaminated  needles  or  impure  sources  of  drug. 

Two  other  opioids,  the  agonist  LAAM  (L-a-acetyl- 
methadol  [Orlamm])  and  the  agonist-antagonist  buprenor- 
phine  (Buprenex),  are  used  in  the  same  manner  as 
methadone  and  produce  similar  treatment  results.  Both  of 
these  drugs  have  a longer  duration  of  action  and  so  produce 
more  even  pharmacological  effects  and  a milder  withdrawal 
syndrome.  The  longer  duration  also  means  less  frequent 
administration  (one  to  three  times  a week),  which  signifi- 
cantly reduces  the  costs  of  the  program  and  gives  an  extra 
measure  of  freedom  to  the  addict  who  needs  daily  clinic  vis- 
its for  methadone.  In  addition,  because  buprenorphine  does 
not  produce  more  than  a mild  euphoria,  the  addict  can  get  a 
supply  of  the  drug  rather  than  just  a single  dose.  Fewer  clin- 
ic visits  also  tends  to  improve  the  relationship  with  members 
of  the  surrounding  community,  who  often  object  to  high 
rates  of  addict  visits  to  their  neighborhood.  It  is  to  be  hoped 
that  greater  use  of  this  drug  will  reduce  costs  and  make  more 
treatment  facilities  available. 

Use  of  narcotic  antagonists  We  have  already  described 
the  utility  of  naloxone  in  reversing  the  effects  of  opiate  toxi- 
city. Antagonists  also  represent  a component  of  some  drug 
abuse  treatment  programs.  After  detoxification,  antagonist 
treatment  will  block  the  effects  of  any  self-administered  opi- 
ate. Naltrexone  (Trexan)  is  the  most  commonly  used  because 
it  has  a longer  duration  of  action  than  naloxone  and  is  effec- 
tive when  taken  orally.  It  also  has  fewer  side  effects  than 


cyclazocine,  which  may  produce  irritability,  delusions,  hallu- 
cinations, and  motor  incoordination.  Nalmefene  (Revex)  is 
a newer  pure  opiate  antagonist  and  is  similar  to  naltrexone 
but  more  potent  and  longer-lasting. 

This  method  is  effective  for  addicts  who  are  highly  moti- 
vated, have  strong  family  support,  and  are  involved  in  careers 
(e.g.,  addicted  medical  personnel).  Reliable  patients  have  taken 
naltrexone  for  5 to  10  years  without  relapse  to  drug-taking 
behavior  and  with  minimal  adverse  effects  on  appetite,  sexual 
behavior,  or  endocrine  function  (O’Brien,  1993).  Unfortu- 
nately, this  method  appeals  to  only  about  10%  of  the  addicted 
population  because  a great  deal  of  motivation  is  needed  to  vol- 
untarily substitute  an  antagonist  for  a drug  with  highly  rein- 
forcing properties.  Since  craving  for  the  drug  is  not  eliminated, 
most  less-motivated  addicts  stop  antagonist  treatment  and 
return  to  drug  use.  Only  about  27%  of  addicts  in  these  treat- 
ment programs  complete  a 12-week  preliminary  session 
(Osborn  et  al.,  1986). 

Counseling  services  Most  often,  addicts  benefit  from  a 
multidimensional  approach  that  includes  a combination  of 
detoxification,  pharmacological  support,  and  group  or  indi- 
vidual counseling.  Counseling  frequently  is  used  to  help 
addicts  identify  the  environmental  cues  that  trigger  relapse 
for  the  individual.  Having  identified  his  “triggers,”  the  addict 
must  then  design  a behavioral  response  to  those  cues  to  pre- 
vent relapse.  Furthermore,  job  training,  educational  counsel- 
ing, and  family  therapy  may  be  useful.  Box  10.3  describes  one 
program  that  utilizes  group  support  after  detoxification  has 
occurred.  Based  on  a model  program  for  alcohol  abuse  treat- 
ment, Narcotics  Anonymous  is  another  option  for  motivated 
drug  abusers  to  achieve  drug  abstinence. 

Section  Summary 

The  ability  of  opiates  (both  endogenous  and  exogenous)  to 
relieve  pain  depends  on  a complex  and  highly  redundant  set 
of  neuronal  pathways  at  both  the  spinal  cord  level  and 
supraspinal  sites.  Small  endorphin  neurons  in  the  spinal  cord 
act  on  receptors  to  decrease  the  conduction  of  pain  signals 
from  the  spinal  cord  to  higher  brain  centers.  Descending 
neurons  originating  in  the  periaqueductal  gray  give  rise  to 
two  pathways  that  further  impede  pain  signals  in  the  spinal 
cord.  The  pathways  begin  in  the  locus  coeruleus  (noradren- 
ergic) and  the  nucleus  of  the  raphe  (serotonergic).  In  addi- 
tion, opiate  receptors  in  the  neocortex  modulate  the  emo- 
tional component  of  pain  to  relieve  the  sense  of  suffering. 

As  is  true  for  many  other  abused  substances,  opiate  drugs 
increase  dopamine  release  in  the  nucleus  accumbens.  This 
effect  occurs  because  opiates  inhibit  the  inhibitory  GABA 
cells  in  the  ventral  tegmental  area,  hence  increasing  mesolim- 
bic  cell  firing.  However,  since  the  DA  release  in  the  NA  is  not 
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BOX  1 0.3 


Clinical  Applications 


Narcotics  Anonymous 


For  many  addicts,  social  support  is  a 
significant  factor  in  preventing 
relapse.  Based  on  the  model  of  Alco- 
holics Anonymous,  the  Twelve  Steps 
of  the  program  of  Narcotics  Anony- 
mous are  designed  to  aid  the  addict 
in  remaining  drug  free  after  complet- 
ing either  inpatient  or  outpatient 
treatment  for  narcotics  abuse.  Accord- 
ing to  its  website  (www.na.org),  the 
nonprofit  fellowship  was  started  in 
1947  and  presently  runs  weekly  meet- 
ings in  70  countries  around  the  world. 
Its  meetings  are  open  to  any  individ- 
ual who  wants  to  be  drug  free  regard- 
less of  the  drug  and  regardless  of  the 
addict's  race,  gender,  religion,  or  social 
class.  Membership  is  entirely  volun- 
tary, and  there  are  no  dues  or  fees. 

NA  views  addiction  as  a disease 
that  can  be  "arrested"  but  not  "cured." 
If  left  untreated,  addiction  has  physi- 
cally damaging  effects  similar  to 
those  of  disease.The  official  position 
of  the  group  is  that  relapse  is  a some- 
times necessary  part  of  the  overall 
recovery  process.  As  such,  relapse  is 
not  shameful  but  is  seen  as  an  oppor- 
tunity to  learn  from  the  experience 
and  move  on. 


NA  has  no  therapists  or  clinics. 
There  is  no  vocational,  legal,  medical, 
or  psychiatric  service  rendered.  In 
their  regular  meetings,  members 
share  personal  experiences  with  oth- 
ers who  are  seeking  help. The  addicts 
share  support  for  current  problems  as 
well  as  dealing  with  their  difficult 
past. 

Although  the  group  has  no  reli- 
gious affiliation,  it  emphasizes  a "spiri- 
tual awakening"and  has  a distinctly 
spiritual  orientation  and  a theistic 
bent  to  most  of  its  literature.  Empha- 
sizing self-appraisal  and  making 
amends,  the  Twelve  Steps  for  self- 
development are  presented  below. 


The  Twelve  Steps 

1 . We  admitted  that  we  were  power- 
less over  our  addiction — that  our 
lives  had  become  unmanageable. 

2.  We  came  to  believe  that  a Power 
greater  than  ourselves  could 
restore  us  to  sanity. 

3.  We  made  a decision  to  turn  our 
will  and  our  lives  over  to  the  care 
of  God  as  we  understood  Him. 

4.  We  made  a searching  and  fearless 
moral  inventory  of  ourselves. 


5.  We  admitted  to  God,  to  ourselves, 
and  to  another  human  being  the 
exact  nature  of  our  wrongs. 

6.  We  were  entirely  ready  to  have 
God  remove  all  these  defects  of 
character. 

7.  We  humbly  asked  Him  to  remove 
our  shortcomings. 

8.  We  made  a list  of  all  persons  we 
had  harmed  and  became  willing 
to  make  amends  to  them  all. 

9.  We  made  direct  amends  to  such 
people  wherever  possible,  except 
when  to  do  so  would  injure  them 
or  others. 

1 0.  We  continued  to  take  personal 
inventory  and  when  we  were 
wrong,  promptly  admitted  it. 

1 1 . We  sought  through  prayer  and 
meditation  to  improve  our  con- 
scious contact  with  God  as  we 
understood  Him,  praying  only  for 
knowledge  of  His  will  for  us  and 
the  power  to  carry  that  out. 

12.  Having  had  a spiritual  awakening 
as  a result  of  these  steps,  we  tried 
to  carry  this  message  to  addicts 
and  to  practice  these  principles  in 
all  our  affairs. 


necessary  for  the  reinforcing  effects,  other  nondopaminergic 
mechanisms  must  also  play  a part. 

Opioid  drugs  demonstrate  tolerance  to  many  of  the  drug 
effects  and  cross  tolerance  with  other  drugs  in  the  same  class 
as  well  as  with  endogenous  opioids.  Prolonged  use  produces 
physical  dependence,  which  is  characterized  by  a classic 
rebound  withdrawal  syndrome  that  includes  many  flu-like 
symptoms,  insomnia,  depression,  and  irritability.  Cross 
dependence  means  that  any  drug  in  the  opioid  family  can 
abruptly  stop  withdrawal  symptoms.  The  physiological 
mechanism  for  tolerance  and  dependence  may  depend  on 
the  compensatory  response  of  cells  in  the  locus  coeruleus  to 
the  acute  inhibition  of  adenylyl  cyclase.  The  increased  activ- 
ity of  adenylyl  cyclase  and  the  subsequent  cellular  effects  are 
kept  in  check  as  long  as  the  exogenous  drug  is  administered. 


However,  if  drug  use  is  discontinued,  the  now  noninhibited 
adenylyl  cyclase  precipitates  withdrawal  symptoms. 

Classical  conditioning  of  environmental  cues  associated 
with  components  of  drug  use  is  important  in  the  develop- 
ment of  tolerance  and  in  maintaining  the  drug  habit.  Con- 
ditioned craving  is  significant  in  producing  relapse  in  the 
detoxified  addict. 

Opiate  abuse  treatment  programs  include  the  substitution 
of  one  opiate,  such  as  methadone,  buprenorphine,  or  LAAM, 
for  the  abused  drug.  These  substitutes,  when  given  orally, 
produce  no  euphoria  but  eliminate  craving  for  heroin  and 
the  need  to  engage  in  criminal  activity  to  supply  the  drug 
habit.  Elimination  of  disease-carrying  injection  equipment 
reduces  exposure  to  HIV  and  hepatitis.  The  long-acting  opi- 
oids stabilize  the  physiological  effects  and  encourage  contact 
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with  support  staff  who  provide  medical  and  psychological 
support  as  well  as  education  and  job  training. 

A second  pharmacological  treatment  option  is  the  use  of 
antagonists.  Opioid  antagonists  are  effective  in  blocking  the 
opiate  receptors  so  that  self-administrated  narcotics  have  no 
effect.  Addicts  who  are  highly  motivated  following  detoxifi- 
cation may  benefit  from  the  reassurance  that  if  they  relapse, 
no  reinforcing  euphoria  will  occur.  Group  therapy  and  sup- 
port groups  like  Narcotics  Anonymous  also  provide  alternate 
ways  to  treat  addiction.  The  most  successful  approaches  are 
typically  multidimensional  ones. 
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eur 


he  psychic  effect . . . consists  of  exhilaration  and  lasting 
euphoria,  which  does  not  differ  in  any  way  from  the  normal 

iphoria  of  a healthy  person One  senses  an  increase  of  self- 

control  and  feels  more  vigorous  and  more  capable  of  work Long-lasting, 

intensive  mental  or  physical  work  can  be  performed  without  fatigue;  it  is  as 
though  the  need  for  food  and  sleep,  which  otherwise  makes  itself  felt 
peremptorily  at  certain  times  of  the  day,  were  completely  banished Opin- 

ion is  unanimous  that  the  euphoria  ...  is  not  followed  by  any  feeling  of  lassi- 
tude or  other  state  of  depression.” 

Any  substance  having  the  marvelous 
properties  just  described  should  be  a 
boon  to  humankind.  What  is  this  miracle 
drug,  then?  The  answer,  unfortunately,  is 
cocaine,  and  the  nearly  rapturous  descrip- 
tion quoted  above  comes  from  the  writ- 
ings of  Sigmund  Freud  ( Uber  Coca ; 
reprinted  in  Byck,  1974,  pp.  60-62). 


Ctber  coca. 


D*  SIGM.  FREUD 

Semndartkirt  im  k.  k.  AHgemtiiten  Kranken)i»u»e 

in  Wien. 


Neu  dardufesehcncr  und  terwriairr  Sr  pa  rat- AM  ruck  t 
..CmUaMaV  fir  die  Thtrapk”. 


WIEN,  1885. 

VEFIAC  VON  MORITZ  PERLES 


Cocaine,  amphetamine,  and  related  com- 
pounds belong  to  a class  of  drugs  called  psy- 
chomotor stimulants.  This  term  refers  to  the 
marked  sensorimotor  activation  that  occurs  in 
response  to  drug  administration.  Indeed,  psy- 
chomotor stimulants  are  characterized  by  their 
ability  to  increase  alertness,  heighten  arousal, 
and  cause  behavioral  excitement.  This  chapter 
considers  the  behavioral  and  physiological 
effects  of  these  stimulants,  their  mechanisms  of 
action,  and  their  potential  for  producing  abuse 
and  dependence.  Chapter  12  covers  nicotine 
and  caffeine,  two  less  potent  but  more  widely 
used  stimulants. 


The  title  page  of  Ober  Coca , Freud's  tribute  to  the  virtues  of  cocaine. 
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Cocaine 

Background  and  History 

Cocaine  is  an  alkaloid  found  in  the  leaves  of  the  shrub  Ery- 
throxylon  coca.  The  coca  shrub  is  native  to  South  America 
and  is  particularly  cultivated  in  the  northern  and  central 
Andes  Mountains  extending  from  Colombia  into  Peru  and 
Bolivia  (Figure  11.1).  The  inhabitants  of  these  regions  con- 
sume cocaine  by  chewing  the  leaves,  a practice  thought  to 
have  begun  at  least  2000  and  perhaps  as  many  as  5000  years 
ago,  according  to  archeological  evidence.  Because  cocaine  is  a 
weak  base,  coca  chewers  also  include  some  lime  or  ash  to 
make  the  pH  of  the  saliva  more  alkaline  (Figure  11.2).  This 
decreases  ionization  of  the  cocaine  and  promotes  absorption 
across  the  mucous  membranes  of  the  oral  cavity. 

Coca  chewing  was  an  important  feature  of  ceremonial  or 
religious  occasions  in  the  Incan  civilization,  and  use  of  the 
drug  was  ordinarily  restricted  to  the  ruling  classes  up  to  the 
time  of  the  Spanish  conquest.  After  the  fall  of  the  Incan 
empire,  coca  chewing  became  more  widespread  and  com- 
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Figure  1 1 .1  Map  of  principal  coca-growing  regions  of 
South  America  (Courtesy  of  Rosemary  Mosher  and  Michael 
Steinberg.) 


Figure  1 1 .2  Coca  chewing  is  still  practiced  by  some  Boli- 
vian miners  to  help  them  work  long  hours  in  the  mines. 

The  miner  on  the  right  is  chewing  coca,  while  his  partner  con- 
sumes a snack. 


monplace,  and  there  are  even  reports  that  coca  was  used  as  a 
medium  of  exchange.  Over  time,  many  Spanish  missionaries 
and  churchmen  argued  that  coca  chewing  was  idolatrous  and 
interfered  with  conversion  of  the  natives  to  Catholicism.  The 
practice  was  consequently  discouraged  and  even  banned  in 
some  areas.  The  Spaniards  soon  discovered,  however,  that 
without  the  stimulating  and  hunger-reducing  effects  of  coca, 
Incan  workers  lacked  the  endurance  necessary  to  work  long 
hours  in  the  mines  and  fields  at  high  altitudes  and  with  little 
food.  Thus  coca  cultivation  and  chewing  were  restored  with 
the  blessing  of  the  Spanish  rulers  and  the  church. 

Although  coca  leaves  were  brought  back  to  Europe,  coca 
chewing  never  caught  on,  possibly  due  to  degradation  of  the 
active  ingredient  during  the  long  sea  voyage.  But  travelers  to 
the  New  World  had  occasion  to  sample  the  leaf,  and  several 
came  back  with  glowing  reports  of  its  beneficial  effects.  By 
the  late  1850s,  German  chemists  had  isolated  pure  cocaine 
and  characterized  it  chemically.  Over  the  next  30  years, 
cocaine  became  tremendously  popular  as  many  notable  sci- 
entists and  physicians  lauded  its  properties.  A chemist  named 
Angelo  Mariani  concocted  an  infamous  mixture  of  cocaine 
and  wine  (Vin  Mariani ),  while  the  Italian  neurologist  Paolo 
Mantegazza  wrote,  “I  would  rather  have  a life  span  of  ten 
years  with  coca  than  one  of  1,000,000  centuries  without 
coca”  (Petersen,  1977).  The  most  famous  cocaine  user  of  all, 
though,  was  Sigmund  Freud.  In  1885,  Freud  published  the 
monograph  Uber  Coca  (“On  Coca”),  which  extolled  the 
drug’s  virtues  and  recommended  its  use  in  the  treatment  of 
alcoholism,  morphine  addiction,  depression,  digestive  disor- 
ders, and  a variety  of  other  ailments.  Freud  also  performed 
the  first  recorded  psychopharmacological  experiments  on 
cocaine  and  published  the  results  in  a paper  entitled  “Con- 
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tribution  to  the  Knowledge  of  the  Effect  of  Cocaine  .”  In  his 
last  written  comments  about  cocaine  in  1887,  Freud 
acknowledged  its  danger  when  used  to  treat  morphine  addic- 
tion, although  he  continued  to  maintain  that  the  drug  was 
nonaddictive  under  other  circumstances.*  Others,  however, 
were  more  perceptive.  The  harshest  critic  was  the  German 
psychiatrist  A.  Erlenmeyer,  who  labeled  cocaine  the  “third 
scourge  of  the  human  race,”  after  alcohol  and  opium. 

Despite  the  warning  signs  emanating  from  Europe, 
cocaine’s  popularity  grew  in  the  United  States  during  the  late 
nineteenth  and  early  twentieth  centuries.  By  1885,  Parke 
Davis  8c  Co.  pharmaceuticals  was  manufacturing  15  differ- 
ent forms  of  cocaine  and  coca,  including  cigarettes,  cheroots 
(a  type  of  cigar),  and  inhalants.  One  year  later,  a Georgia 
pharmacist  named  John  Pemberton  introduced  a new  bev- 
erage, “Coca  Cola,”  that  contained  cocaine  from  coca  leaves 
and  caffeine  from  cola  nuts.  Coca  Cola  and  similar  concoc- 
tions were  marketed  as  suitable  alternatives  to  alcoholic 
drinks  because  of  the  growing  strength  of  the  alcohol  tem- 
perance movement  at  that  time  (Figure  1 1.3).+  Cocaine-con- 
taining tooth  drops  were  even  given  to  infants  to  relieve  the 
discomfort  of  teething  (the  local  anesthetic  effects  of  cocaine 
are  discussed  further  in  the  section  on  mechanisms  of 
action).  Not  surprisingly,  widespread  cocaine  abuse  began  to 
appear  across  the  United  States  until  President  Taft  declared 
cocaine  to  be  “public  enemy  number  one”  in  1910.  Congress 
then  passed  the  1914  Harrison  Narcotic  Act  prohibiting  the 
inclusion  of  cocaine  (as  well  as  opium)  in  patent  medicines 
and  specifying  other  restrictions  on  its  import  and  sale  (see 
Chapter  8).  Subsequent  state  and  federal  laws,  of  course, 
placed  even  tighter  regulations  on  cocaine  distribution  and 
use. 

From  the  1920s  to  the  1960s,  cocaine  use  continued  pri- 
marily among  a relatively  small  group  of  avant-garde  artists, 
musicians,  and  other  performers.  Beginning  in  the  1970s, 
however,  we  have  seen  two  successive  waves  of  increasing 
cocaine  use  in  the  United  States.  The  first  involved  an  escala- 
tion of  cocaine  use  by  snorting  or  intravenous  (IV)  injection, 
whereas  the  most  recent  epidemic  of  cocaine  use  has  been 
driven  by  the  smoking  of  “crack”  cocaine. 

According  to  estimates  derived  from  the  2002  National 
Survey  on  Drug  Use  and  Health,  approximately  2 million 
people  aged  12  or  older  (0.9%  of  the  population)  were  cur- 
rent users  of  cocaine  at  that  time.  By  “current  user,”  we  mean 
that  the  individual  had  used  cocaine  at  least  once  during  the 
previous  month.  A larger  number  of  individuals  (about  6 


*In  fairness  to  Freud,  it  should  be  noted  that  he  normally  took 
cocaine  orally,  a route  of  administration  with  less  abuse  potential 
than  intravenous  injection,  smoking,  or  even  snorting. 

Although  caffeine  still  persists  in  regular  Coca  Cola,  the  cocaine 
was  eliminated  in  1906. 
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Figure  11 .3  Coca-cola  ad  from  1 906 


million)  had  used  cocaine  during  the  previous  year,  whereas 
the  number  who  had  used  the  drug  at  least  once  during  their 
lifetime  was  reported  to  be  almost  34  million.  This  represents 
over  14%  of  the  total  U.S.  population. 


Basic  Pharmacology  of  Cocaine 

Figure  11.4  presents  the  chemical  structure  of  alkaloidal 
cocaine,  which  is  its  naturally  occurring  form.  The  molecule 
contains  two  rings,  the  six-carbon  phenyl  ring  shown  on  the 
right  and  the  unusual  nitrogen  (N) -containing  ring  shown 
on  the  left.  Both  are  necessary  for  the  drug’s  biological  activ- 
ity. Other  features  of  the  molecule  have  been  manipulated 
with  interesting  results.  For  example,  Figure  11.4  also  depicts 
the  structures  of  two  synthetic  cocainelike  drugs,  WIN 
35,428  (also  known  as  CFT)  and  RTI-55  (also  called  f}-CIT). 
Notice  that  both  compounds  lack  the  ester  ( — O — CO — ) 
linkage  between  the  rings,  and  they  both  possess  a halogen 
(fluorine  [F]  or  iodine  [I])  atom  on  the  phenyl  ring.  WIN 
35,428  and  RTI-55  are  more  potent  than  cocaine,  and  they 
presumably  would  be  highly  addictive  if  available  on  the 
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WIN  35,428  (CFT) 


Figure  1 1.4  Chemical  structures  of  cocaine,  WIN  35,428,3001  RTI-55 


RTI-55  (P-CIT) 


street.  Fortunately,  they  are  only  used  experimentally,  prima- 
rily for  in  vitro  studies  on  brain  tissue. 

Coca  leaves  contain  between  0.6  and  1.8%  cocaine.  Initial 
extraction  of  the  leaves  results  in  a coca  paste  containing 
about  80%  cocaine.  The  alkaloid  is  then  converted  to 
hydrochloride  (HC1)  salt  and  crystallized.  Cocaine  HC1  is 
readily  water  soluble  and  thus  can  be  taken  orally  (as  in  Vin 
Mariam),  intranasally  (snorting),  or  by  IV  injection.  One  dis- 
advantage of  cocaine  HC1  is  its  vulnerability  to  heat-induced 
breakdown,  thereby  preventing  it  from  being  smoked.  How- 
ever, the  hydrochloride  salt  can  be  transformed  back  into 
cocaine  freebase  by  two  different  methods.  The  method 
developed  first  was  to  dissolve  cocaine  HC1  in  water,  add  an 
alkaline  solution  such  as  ammonia,  and  then  extract  the 
resulting  cocaine  base  with  an  organic  solvent,  typically 
ether.  The  term  freebasing  refers  to  smoking  cocaine  that 
was  obtained  in  this  manner.  However,  because  ether  is  high- 
ly flammable  and  explosive,  there  is  a certain  danger  involved 
not  only  in  this  method  of  preparing  cocaine  freebase  but 
even  in  smoking  it,  since  an  ether  residue  may  still  be  present 
if  one  is  not  careful.  In  the  early  1980s,  it  was  discovered  that 
cocaine  base  could  be  made  more  safely  by  mixing  dissolved 
cocaine  HC1  with  baking  soda,  heating  the  mixture,  and  then 
drying  it.  Chunks  of  the  dried,  hardened  mixture  are  known 
on  the  street  as  crack  (so  named  because  of  the  popping 
sounds  produced  when  the  chunks  are  heated)  or  “rock” 
cocaine.  Such  chunks  are  generally  sold  inexpensively  in 
small  amounts  sufficient  for  only  a single  dose  (Figure  1 1.5). 
The  cocaine  that  ends  up  in  a user’s  bloodstream  is  the  same 
substance  regardless  of  whether  its  initial  form  was  the 
hydrochloride  salt  or  the  freebase.  However,  it  has  recently 
been  shown  that  the  heat  involved  in  smoking  crack  pro- 
duces unique  chemical  products  that  can  be  detected  in  the 
urine  and  potentially  used  to  verify  crack  use. 

Different  routes  of  consumption  yield  somewhat  different 
patterns  and  levels  of  plasma  cocaine.  Extremely  rapid  absorp- 
tion occurs  with  both  IV  injection  and  smoking.  Hence,  typi- 
cal single  doses  taken  by  these  routes  yield  rather  high  con- 
centrations of  circulating  cocaine,  and  even  higher  values  can 
be  attained  with  multiple  doses  that  mimic  the  pattern  of  a 
cocaine  “binge”  (see  the  section  on  cocaine  abuse  later  in  the 


chapter).  Absorption  is  somewhat  slower  following  oral 
administration  or  snorting;  consequently,  these  routes  yield 
lower  cocaine  levels.  Figure  11.6  compares  the  time  course  of 
plasma  cocaine  concentrations  as  a function  of  route  of 
administration.  It  is  also  interesting  to  note  that  a few  hours 
of  coca  leaf  chewing  delivers  enough  drug  to  mimic  the  plas- 
ma concentrations  produced  by  a modest  dose  taken  either 
orally  or  intranasally. 

Although  researchers  normally  measure  blood  levels  of 
drugs  in  a peripheral  vein  such  as  the  antecubital  vein  locat- 
ed in  the  arm,  even  more  important  for  a psychoactive  drug 
is  the  level  present  in  the  brain.  Cocaine  is  sufficiently 
lipophilic  (fat  soluble)  that  it  passes  readily  through  the 
blood-brain  barrier  (see  Chapter  1).  This  property  particu- 
larly comes  into  play  when  cocaine  is  smoked,  because  it 
results  in  the  brain  being  exposed  to  a very  large  surge  in 
drug  levels  not  reflected  in  peripheral  venous  concentrations. 
Rapid  entry  into  the  brain  is  believed  to  be  an  important  fac- 
tor in  the  strong  addictive  properties  of  crack  cocaine. 

Once  absorbed  into  the  circulation,  cocaine  is  rapidly 
broken  down  by  enzymes  found  in  the  bloodstream  and  the 


Figure  1 1 .5  Crystals  of  crack  cocaine 
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Figure  1 1 .6  Time  course  of  plasma  cocaine  concentrations  following  dif- 
ferent routes  of  administration  Each  curve  shows  the  mean  for  ten  human 
subjects.  For  cocaine  freebase  smoking,  subjects  were  allowed  only  one  to  three 
puffs  of  the  vapor  from  100  mg  of  drug  heated  in  a flask. The  peak  plasma  concen- 
trations produced  under  these  conditions  probably  underestimate  the  levels  oc- 
curring from  recreational  use.  (After  Jones,  1 990.) 


liver.  It  is  also  rapidly  eliminated,  with  a half-life  ranging 
from  about  0.5  to  1.5  hours.  For  this  reason,  the  subjective 
high  produced  by  a single  IV  or  smoked  dose  of  cocaine  may 
last  only  about  30  minutes.  However,  the  breakdown  prod- 
ucts of  cocaine  persist  in  the  body  for  a longer  period  of 
time.  For  example,  in  a heavy  cocaine  user,  the  major 
metabolite  benzoylecgonine  can  be  detected  in  the  urine  for 
a number  of  days  following  the  last  dose. 


Alcohol  or  other  depressant  drugs  are 
sometimes  taken  along  with  cocaine  to  “take 
the  edge  off”  the  extreme  arousal  produced 
by  cocaine  alone.  By  studying  the  combined 
effects  of  cocaine  and  alcohol,  researchers 
have  discovered  an  unexpected  and  poten- 
tially important  interaction  between  these 
two  compounds.  When  taken  together, 
cocaine  and  alcohol  (ethanol)  produce  a 
unique  metabolite  called  cocaethyiene.  This 
substance  not  only  has  biological  activity 
similar  to  that  of  cocaine  itself,  but  it  has  a 
longer  half-life.  As  we  shall  see  later,  cocaine 
can  exert  toxic  effects  on  the  heart  and  other 
organs.  Such  toxicity  may  be  exacerbated  in 
individuals  consuming  large  amounts  of 
cocaine  and  alcohol  together. 

Mechanisms  of  Cocaine  Action 

Cocaine  is  a complex  drug  because  it  inter- 
acts with  several  neurotransmitter  systems. 
Most  of  the  behavioral  and  physiological 
actions  of  cocaine  can  be  explained  by  its  ability  to  block  the 
reuptake  of  three  monoamine  neurotransmitters:  the  two  cat- 
echolamines, dopamine  (DA)  and  norepinephrine  (NE),  and 
also  serotonin  (5-HT).  In  earlier  chapters,  we  learned  that 
these  transmitters  are  cleared  from  the  synaptic  cleft  by  mem- 
brane proteins  called  transporters.  Cocaine  binds  to  these 
transporters  and  inhibits  their  function.  As  shown  for  the  DA 
transporter  in  Figure  1 1.7,  such  inhibition  leads  to  increased 


receptors 


Figure  1 1 .7  Mechanisms  of  cocaine  action  Cocaine  increas-  similar  process  occurs  at  serotonergic  and  noradrenergic 
es  synaptic  DA  levels  by  binding  to  the  plasma  membrane  DA  synapses  due  to  cocaine's  inhibition  of  5-HT  and  NE  reuptake, 
transporter  and  blocking  reuptake  of  the  neurotransmitter.  A 
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neurotransmitter  levels  in  the  synaptic  cleft  and  a corre- 
sponding increase  in  transmission  at  the  affected  synapses. 

Cocaine  does  not  affect  all  monoamine  transporters 
equally.  Based  on  in  vitro  studies  using  rat  brain  tissue, 
cocaine  binds  most  strongly  (with  highest  affinity)  to  the  5- 
HT  transporter,  followed  by  the  DA  transporter  and  then  the 
NE  transporter  (Ritz  et  al.,  1990).  On  the  other  hand,  later 
in  this  chapter  we  will  see  that  blockade  of  DA  reuptake 
appears  to  be  most  important  for  cocaine’s  stimulating,  rein- 
forcing, and  addictive  properties.  Indeed,  many  drugs  used 
in  the  treatment  of  depression  block  the  5-HT  and/or  the  NE 
transporter  (see  Chapter  16).  Yet  these  agents  do  not  have  the 
strong  arousing  effect  produced  by  cocaine  in  nondepressed 
individuals,  nor  do  they  have  any  abuse  potential.  Neverthe- 
less, 5-HT  and  NE  must  also  be  taken  into  account,  as  alter- 
ations in  the  DA  system  do  not  explain  all  of  cocaine’s  effects. 

At  relatively  high  concentrations,  cocaine  additionally 
inhibits  voltage-gated  sodium  (Na+)  channels  in  nerve  cell 
axons.  As  these  channels  are  necessary  for  neurons  to  gener- 
ate action  potentials,  this  action  of  cocaine  causes  a block  of 
nerve  conduction.  Thus,  when  cocaine  is  applied  locally  to  a 
tissue,  it  acts  as  a local  anesthetic  by  preventing  transmission 
of  nerve  signals  along  sensory  nerves.  Indeed,  two  synthetic 
local  anesthetics  that  are  widely  used  in  medical  and  dental 
practice,  procaine  (Novocain)  and  lidocaine  (Xylocaine), 
were  developed  from  the  structure  of  cocaine. 

Section  Summary 

Cocaine  is  an  alkaloid  derived  from  the  leaves  of  the  shrub 
Erythroxylon  coca , which  is  indigenous  to  the  northern  and 
central  Andes  Mountains  of  South  America.  Although  the 
peoples  of  that  region  have  been  chewing  coca  leaves  for  per- 
haps 5000  years,  cocaine  use  did  not  become  popular  in 
Western  cultures  until  after  the  pure  compound  was  isolated 
in  the  late  1850s.  Freud  was  one  of  many  notable  cocaine 
users  in  nineteenth-century  Europe.  In  the  United  States, 
cocaine  was  a constituent  of  numerous  popular  beverages 
and  over-the-counter  pharmaceutical  products  in  the  late 
nineteenth  and  early  twentieth  centuries  until  its  nonpre- 
scription use  was  banned  by  the  Harrison  Narcotic  Act  of 
1914.  Cocaine  then  went  “underground”  until  the  1970s,  at 
which  time  the  first  of  two  waves  of  increased  cocaine  use 
began  in  this  country.  Household  survey  data  indicate  that 
more  than  14%  of  residents  of  the  United  States  have  used 
cocaine  at  least  once  during  their  lifetime,  whereas  a much 
smaller  but  still  significant  percentage  are  current  users. 

Cocaine  HC1  is  water  soluble  and  therefore  can  be  taken 
orally,  intranasally,  or  by  IV  injection.  On  the  other  hand, 
cocaine  base  (including  crack  cocaine)  is  the  chemical  form 
most  suitable  for  smoking.  The  most  rapid  absorption  and 
distribution  of  cocaine  occur  following  IV  injection  and 


smoking,  which  may  account  for  the  highly  addictive  prop- 
erties of  these  routes  of  consumption.  One  of  the  main 
cocaine  metabolites  is  benzoylecgonine,  whereas  a com- 
pound called  cocaethylene  is  also  formed  when  alcohol  is 
ingested  along  with  cocaine. 

At  typical  doses,  cocaine  acts  mainly  to  block  synaptic 
uptake  of  DA,  5-HT,  and  NE  by  binding  to  their  respective 
membrane  transporters.  This  enhances  transmission  at 
monoaminergic  synapses  by  increasing  the  synaptic  concen- 
trations of  each  transmitter.  At  higher  concentrations, 
cocaine  also  blocks  voltage-gated  Na+  channels,  which  leads 
to  a local  anesthetic  effect. 

Acute  Behavioral  and 
Physiological  Effects  of  Cocaine 

Cocaine  stimulates  mood  and  behavior 

Cocaine  is  used  and  abused  for  the  “high”  and  the  “rush” 
produced  by  the  drug.  Typical  aspects  of  the  cocaine  “high” 
are  feelings  of  exhilaration  and  euphoria,  a sense  of  well- 
being, enhanced  alertness,  heightened  energy  and  dimin- 
ished fatigue,  and  great  self-confidence.  Taken  by  IV  injec- 
tion or  by  smoking,  cocaine  also  produces  a brief  “rush,” 
described  by  some  users  as  involving  a sense  of  great  pleasure 
and  power  and  by  others  as  being  like  an  intense  orgasm.  At 
low  and  moderate  doses,  cocaine  often  increases  sociability 
and  talkativeness.  There  are  also  reports  of  heightened  sexu- 
al interest  and  performance  under  cocaine’s  influence, 
although  the  drug’s  legendary  ability  to  enhance  sexual 
prowess  is  highly  exaggerated.  Cocaine  can  apparently  also 
increase  aggressive  behavior,  which  suggests  that  some  of  the 
street  violence  associated  with  cocaine  might  be  attributable 
to  a direct  effect  of  the  drug. 

The  major  subjective  and  behavioral  effects  of  cocaine 
and  other  psychostimulants  are  summarized  in  Table  11.1. 
Effects  listed  in  the  “mild  to  moderate”  category  are  general- 
ly produced  by  single,  low  to  moderate  doses  of  cocaine  in 
either  naive  subjects  or  in  users  who  have  not  yet  progressed 
to  heavy,  chronic  patterns  of  drug  intake.  “Severe”  effects  are 
most  likely  to  be  seen  with  high-dose  use,  particularly  in 
individuals  with  long-standing  patterns  of  chronic  intake.  It 
is  easy  to  see  that  many  of  the  positive  characteristics  of 
cocaine  that  may  contribute  to  its  powerful  reinforcing  prop- 
erties become  negative  or  aversive  with  escalation  of  dose 
and  duration.  Some  of  these  aversive  effects  (e.g.,  irritabili- 
ty) are  present  in  most  high-dose  users,  whereas  others 
mainly  occur  in  cases  of  cocaine-induced  psychosis  (e.g., 
incoherence  or  delusions;  see  the  discussion  on  health  con- 
sequences later  in  the  chapter). 

Cocaine  and  other  psychomotor  stimulants  also  cause  pro- 
found behavioral  activation  in  rats,  mice,  and  other  animals 
used  in  psychopharmacological  studies.  At  low  doses,  such  acti- 
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TABLE  11.1  Mild  to  Moderate  versus  Severe  Behavioral  and  Subjective 
Effects  of  Cocaine  and  Other  Psychostimulants  in  Humans0 


Mild  to  moderate  effects 

Severe  effects 

Mood  amplification;  both 
euphoria  and  dysphoria 

Irritability,  hostility,  anxiety, 
fear,  withdrawal 

Heightened  energy 

Extreme  energy  or  exhaustion 

Sleep  disturbance,  insomnia 

Total  insomnia 

Motor  excitement,  restlessness 

Compulsive  motor  stereotypies 

Talkativeness,  pressure  of  speech 

Rambling,  incoherent  speech 

Hyperactive  ideation 

Disjointed  flight  of  ideas 

Increased  sexual  interest 

Decreased  sexual  interest 

Anger,  verbal  aggression 

Possible  extreme  violence 

Mild  to  moderate  anorexia 

Total  anorexia 

Inflated  self-esteem 

Delusions  of  grandiosity 

Source:  After  Post  and  Contel,  1983. 

flThe  actual  effects  observed  show  individual  variability  and  depend  on  the  dose,  route  of 
administration,  pattern  and  duration  of  use,  and  environmental  context. 


vation  takes  the  form  of  increased  locomotion,  rearing,  and 
mild  sniffing  behavior.  As  the  dose  is  increased,  these  behaviors 
are  replaced  by  focused  stereotypies  (repetitive,  seemingly 
aimless  behaviors  performed  in  a relatively  invariant  manner) 
confined  to  a small  area  of  the  cage  floor.  Psychostimulant 
stereotypies  vary  according  to  species  and  other  factors.  In  rats 
and  mice,  one  observes  intense  sniffing,  continuous  head  and 
limb  movements,  and  licking  and  biting.  Humans  using  large 
amounts  of  cocaine  occasionally  also  exhibit  motor  stereotyp- 
ies such  as  repetitive  picking  and  scratching. 

All  species  tested  thus  far  readily  learn  to  self-administer 
cocaine  intravenously.  Marilyn  Carroll  and  her  colleagues 
(1990)  were  also  able  to  train  monkeys  to  smoke  cocaine 
freebase.  Furthermore,  as  discussed  in  Chapter  8,  unlimited 
access  to  cocaine  leads  to  heavy  self-administration,  gradual 
debilitation  of  the  animals,  and  a high  rate  of  mortality. 
These  findings  underscore  the  drug’s  powerful  reinforcing 
properties  in  animals  and  its  high  abuse  potential  in  humans. 
On  the  other  hand,  it  is  important  to  recognize  that  such 
compulsivity  is  not  observed  under  all  circumstances.  When 
cocaine  is  pitted  against  an  alternative  reinforcer  under  con- 
trolled laboratory  conditions,  preference  for  the  drug  in  both 
monkeys  and  humans  depends  on  the  relative  magnitude  of 
each  reinforcer. 

Animals  can  also  learn  to  discriminate  cocaine  from 
vehicle  treatment.  Subjects  initially  trained  on  cocaine  read- 
ily generalize  to  amphetamine,  indicating  a fundamental 
similarity  in  the  cue  properties  of  these  two  drugs.  In  con- 
trast, there  is  much  less  generalization  to  caffeine,  which  is  a 
weaker  stimulant  and  which  exerts  its  behavioral  effects  by  a 
different  mechanism  than  cocaine  or  amphetamine  (see 
Chapter  12). 


Cocaine's  physiological 
effects  are  mediated  by 
the  sympathetic  nervous 
system 

Cocaine  is  considered  a sympath- 
omimetic drug,  which  means  that 
it  produces  symptoms  of  sympa- 
thetic nervous  system  activation. 
The  physiological  consequences 
of  acute  cocaine  administration 
include  increased  heart  rate, 
vasoconstriction  (narrowing  of 
blood  vessels)  and  hypertension 
(increased  blood  pressure),  and 
hyperthermia  (elevated  body  tem- 
perature). At  low  doses,  these  phys- 
iological changes  are  usually  not 
harmful  to  the  individual.  High 
doses  of  cocaine,  however,  can  be 
toxic  or  even  fatal.  Some  of  the 
potential  adverse  consequences  of  heavy  cocaine  use  are 
seizures,  heart  failure,  stroke,  or  intracranial  hemorrhage 
(Figure  11.8). 


Figure  1 1 .8  Computerized  tomographic  (CT)  scan  of  a 
thalamic  hemorrhage  in  a crack  cocaine  smoker  The 

patient  was  a 45-year-old  man  who  had  smoked  an  unknown 
amount  of  crack  and  was  found  unconscious  several  hours  later. 
The  hemorrhage  can  be  seen  as  the  large,  irregularly  shaped 
white  area  on  the  middle-to-lower  right  side  of  the  scan.  (From 
Jacobs  etal.,1989.) 
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Dopamine  plays  a key  role  in  the  subjective 
and  behavioral  effects  of  cocaine  and  other 
psychostimulants 

There  is  overwhelming  evidence  that  DA  plays  a central  role 
in  the  behavioral  responses  of  animals  to  cocaine,  ampheta- 
mine, and  related  psychostimulant  drugs  (Gold  et  al.,  1989). 
Of  special  importance  are  the  dopaminergic  projections 
from  the  midbrain  (substantia  nigra  and  ventral  tegmental 
area)  to  the  striatum  and  nucleus  accumbens  that  were  first 
described  in  Chapter  5.  Table  1 1.2  summarizes  the  results  of 
numerous  microinjection  and  lesion  studies  concerning  the 
involvement  of  these  DA  systems  in  the  behavioral  effects  of 
psychostimulants.  For  example,  psychostimulants  elicit  a 
locomotor  response  when  microinjected  directly  into  the 
nucleus  accumbens.  Injection  into  the  striatum  instead  leads 
to  a pattern  of  stereotyped  behavior.  Another  approach  has 
been  to  lesion  DA  nerve  terminals  in  either  the  accumbens 
or  striatum  using  the  catecholamine  neurotoxin  6-hydroxy- 
dopamine  (6-OHDA).  Such  lesions  cause  a profound  reduc- 
tion of  both  DA  and  its  transporter  in  the  affected  area, 
thereby  preventing  activation  of  dopaminergic  transmission 
by  psychostimulants.  6-OHDA  lesions  of  the  nucleus  accum- 
bens blunt  psychostimulant-induced  locomotion,  whereas 
similar  lesions  of  the  striatum  antagonize  the  stereotypies 
associated  with  higher  drug  doses. 

The  mesolimbic  DA  pathway  to  the  nucleus  accumbens 
also  plays  a key  role  in  the  reinforcing  effects  of  cocaine  and 
amphetamine  in  animals.  Thus  6-OHDA  lesions  of  the 
accumbens  reduce  the  reinforcing  properties  of  systemically 
administered  cocaine  or  amphetamine.  Moreover,  rats  will 
self-administer  amphetamine  directly  into  the  nucleus 
accumbens  (Hoebel  et  al.,  1983).  Surprisingly,  however, 
attempts  to  demonstrate  cocaine  self-administration  into 
this  area  were  not  successful  (Goeders  and  Smith,  1983).  One 
neurochemical  difference  between  cocaine  and  amphetamine 
is  that  cocaine  only  blocks  DA  uptake,  whereas  amphetamine 


not  only  blocks  uptake  but  also  stimulates  DA  release  (refer 
to  the  section  on  amphetamines).  In  addition,  cocaine  but 
not  amphetamine  has  local  anesthetic  effects.  However,  we 
don’t  know  whether  these  differences  explain  the  lack  of 
cocaine  self-administration  into  the  nucleus  accumbens. 

More  recently,  the  neurochemical  mechanisms  of  cocaine 
action  have  been  studied  using  genetic  knockout  mice.  We 
saw  in  Chapter  5 that  mutant  mice  lacking  the  DA  trans- 
porter (DAT)  fail  to  show  hyperactivity  following  psycho- 
stimulant treatment.  Most  investigators  expected  that  the 
rewarding  effects  of  psychostimulants  would  similarly  be  lost 
in  the  absence  of  DAT.  Therefore,  it  was  surprising  to  psy- 
chopharmacologists when  two  separate  research  groups,  one 
using  drug  self-administration  and  the  other  using  condi- 
tioned place  preference,  reported  that  cocaine  reward*  was 
still  present  in  DAT  knockout  mice  (Rocha  et  al.,  1998;  Sora 
et  al.,  1998)  (Figure  1 1.9).  It  is  critical  to  recognize  that  while 
these  findings  raise  important  questions,  they  do  not  invali- 
date all  of  the  previous  pharmacological  results  (for  exam- 
ple, with  receptor  antagonists  or  6-OHDA  lesions)  that  have 
pointed  to  a key  role  for  DA  in  psychostimulant  reward  and 
reinforcement.  It  is  possible  that  the  rewarding  and  reinforc- 
ing effects  of  cocaine  depend  not  only  on  inhibition  of  DA 
uptake  by  DAT  but  also  an  interaction  of  the  drug  with  one 
or  more  additional  molecular  targets.  Alternatively,  adapta- 
tions may  occur  in  the  DAT  knockout  mice  that  provide  an 
alternate  route  for  cocaine  reward  that  is  not  present  in  nor- 
mal animals.  Like  most  mouse  genetic  engineering  studies 
that  have  been  performed  up  to  now,  the  DAT  knockout 
experiments  involved  changes  in  gene  expression  beginning 
in  early  embryonic  development  and  continuing  throughout 
the  life  of  the  animal.  We  now  know  that  over  the  course  of 


*In  the  discussion  that  follows,  we  will  sometimes  use  the  term 
reward  instead  of  or  in  addition  to  reinforcement  because  unlike 
the  self-administration  paradigm,  the  place  conditioning  proce- 
dure does  not  directly  test  drug  reinforcement  (see  Chapter  4). 


TABLE  1 1 .2  Dopaminergic  Projections  to  the  Striatum  and  Nucleus  Accumbens:  Role  in 
Psychostimulant-Induced  Behaviors  in  Animals 


Experimental  manipulation 

Brain  area 

Behavioral  effect 

Psychostimulant  microinjection 

Nucleus  accumbens 

Increased  locomotor  behavior 

Psychostimulant  micro  injection 

Striatum 

Increased  stereotyped  behaviors 

6-OHDA  lesion 

Nucleus  accumbens 

Decreased  locomotor  response  following  systemic  administration 
of  a low-dose  psychostimulant 

6-OHDA  lesion 

Striatum 

Decreased  stereotyped  behaviors  following  systemic  administration 
of  a high-dose  psychostimulant 

6-OHDA  lesion 

Nucleus  accumbens 

Decreased  reinforcing  effectiveness  of  systemically  administered 
psychostimulants 

Amphetamine  microinjection 

Nucleus  accumbens 

Reinforcing  to  the  animal 

Cocaine  microinjection 

Nucleus  accumbens 

Not  reinforcing  to  the  animal 
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Wild-type 


DAT-/- 


Time  (min) 

Figure  1 1 .9  Cocaine  self-administration  in  individual 
wild-type  and  DAT  knockout  (DAT-7-)  mice  Mice  received 
cocaine  (0.5  mg/kg  per  infusion)  on  a fixed-ratio  2 (FR-2)  rein- 
forcement schedule. The  graphs  illustrate  the  cumulative  number 
of  drug  injections  over  a 90-minute  test  session  for  four  mice  in 
each  group,  with  each  data  point  depicting  an  injection.  Cocaine 
was  clearly  self-administered  by  the  DAT-7"  mice,  although  these 
animals  generally  did  not  obtain  as  many  doses  as  the  wild-type 
animals  over  the  test  period.  (After  Rocha  et  al.,  1 998.) 


Following  the  initial  studies  with  DAT  knockout  mice, 
cocaine  place  conditioning  was  examined  in  mice  either  with 
a single  knockout  of  the  5-HT  or  NE  transporter  or  with  dou- 
ble knockouts  of  two  different  transporter  genes  in  the  same 
animals  (Uhl  et  al.,  2002;  Rocha,  2003).  Particularly  interest- 
ing are  the  results  involving  the  5-HT  transporter  (abbreviat- 
ed SERT,  for  serotonin  transporter).  As  in  the  case  of  DAT, 
inactivation  of  SERT  did  not  eliminate  cocaine’s  ability  to 
produce  a conditioned  place  preference  (Sora  et  al.,  1998, 
2001).  In  fact,  SERT  knockout  mice  show  even  stronger 
cocaine  place  conditioning  than  wild-type  controls.  However, 
no  place  conditioning  could  be  obtained  in  mice  with  a dou- 
ble deletion  of  DAT  and  SERT  (Sora  et  al.,  2001).  In  addition, 
fluoxetine,  which  selectively  blocks  SERT,  was  found  to  be 
rewarding  in  DAT  knockout  but  not  wild-type  mice.  These 
and  other  studies  led  Uhl  and  colleagues  (2002)  to  suggest 
that  the  enhancement  of  serotonergic  transmission  caused  by 
SERT  blockade  produces  a combination  of  rewarding  and 
aversive  effects  that  are  presumably  mediated  by  various  5- 
HT  receptors  in  different  neural  circuits.  If  we  assume  that 
these  opposing  effects  tend  to  counterbalance  each  other  in 
genetically  intact  organisms,  then  it  follows  that  DAT  block- 
ade is  still  the  critical  factor  in  cocaine  reward  under  normal 
circumstances.  Such  an  assumption  is  also  consistent  with  the 
observations  that  fluoxetine  is  not  rewarding  in  wild-type 
mice  and  is  not  usually  abused  by  humans  (fluoxetine  and 
other  selective  5-HT  reuptake  inhibitors  are  widely  prescribed 
as  antidepressant  medications;  see  Chapter  16).  Uhl  and  his 
colleagues  further  proposed  that  in  mice  lacking  DAT,  the  bal- 
ance of  serotonergic  effects  (i.e.,  reward  vs.  aversion)  shifts  to 
favor  reward.  Because  of  this  shift,  blockade  of  SERT  by  either 
cocaine  or  fluoxetine  has  a net  rewarding  effect  in  DAT 
knockout  mice,  but  this  effect  is  absent  in  double  knockouts 
lacking  both  transporters. 

Mateo  and  her  coworkers  (2004)  recently  discovered  an 
unexpected  adaptation  in  DAT  knockout  mice  that  seems  to 
be  consistent  with  the  hypothesis  of  Uhl  et  al.  In  DAT  knock- 
out but  not  wild-type  mice,  SERT  blockade  by  cocaine,  flu- 
oxetine, or  citalopram  (another  5-HT  reuptake  inhibitor) 
was  found  to  act  in  the  ventral  tegmental  area  to  stimulate 
nucleus  accumbens  DA  release.  The  increased  release  added 
more  DA  to  the  already  high  extracellular  levels  that  were 
present  due  to  the  lack  of  a functional  DA  uptake  system. 
Further  studies  are  needed  to  determine  whether  this  adap- 
tation underlies  the  rewarding  effects  of  cocaine  or  fluoxe- 
tine in  DAT  knockout  mice. 


time,  various  biochemical  adaptations  occur  in  the  brain  fol- 
lowing the  loss  of  an  important  gene  such  as  the  one  coding 
for  DAT.  Consequently,  such  adaptations  must  be  taken  into 
consideration  when  interpreting  the  results  of  any  standard 
gene  knockout  study. 


Brain  imaging  allows  researchers  to  explore  the 
neural  mechanisms  of  psychostimulant  action 
in  human  subjects 

Given  the  critical  role  of  DA  in  the  rewarding  and  reinforcing 
effects  of  psychostimulants,  are  the  mood-altering  properties 
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of  these  compounds  in  human  users  dependent  on  the  same 
neurochemical  system?  Since  researchers  have  not  discovered 
any  human  subjects  with  genetic  deletions  of  DAT,  other 
experimental  approaches  are  needed  to  address  this  question. 
One  of  the  most  exciting  approaches  has  been  to  use  brain 
imaging  techniques  such  as  positron  emission  tomography 
(PET)  (see  Chapter  4).  For  example,  a research  team  headed 
by  Nora  Volkow,  the  current  director  of  the  National  Insti- 
tute on  Drug  Abuse,  has  used  PET  imaging  to  estimate  DAT 
occupancy  by  behaviorally  active  doses  of  either  cocaine  or 
methylphenidate.  Methylphenidate,  a stimulant  that  is  com- 
monly used  to  treat  attention-deficit/hyperactivity  disorder 
(ADHD),  also  binds  to  DAT  and  blocks  DA  reuptake 
(ADHD  is  discussed  further  in  Box  1 1.2  later  in  the  chapter). 
This  compound  is  preferred  over  cocaine  for  some  studies 
because  as  a medication,  it  can  be  administered  ethically  to 
non-drug-abusing  subjects,  whereas  cocaine  cannot. 

The  studies  of  Volkow  and  her  colleagues  indicate  that  once 
a certain  minimum  level  of  DAT  occupancy  (about  40  to  60%) 
is  attained  following  either  cocaine  or  methylphenidate  admin- 
istration, the  subject  may  experience  a drug-induced  “high” 
(Volkow  et  al.,  1999a).  However,  the  intensity  of  the  “high”  and 
even  the  likelihood  that  a “high”  will  occur  depend  not  only  on 
the  amount  of  DAT  occupancy  but  also  on  at  least  two  other 
factors.  One  factor  is  the  rate  at  which  transporter  occupancy 
occurs  after  the  drug  has  been  taken.  Thus  routes  of  adminis- 
tration like  smoking  or  IV  injection  that  lead  to  quick  drug 
entry  into  the  brain  and  rapid  DAT  occupancy  are  more  likely 
to  produce  an  intense  “high”  than  oral  or  intranasal  adminis- 
tration, which  are  associated  with  delayed  drug  entry  into  the 
brain  and  slower  DAT  occupancy  (Volkow  et  al.,  1998,  2000). 
Although  we  don’t  yet  know  how  the  rate  of  DA  reuptake 
blockade  influences  the  subjective  effects  of  psychostimulants, 
this  information  does  help  us  understand  why  smoking  and  IV 
injection  of  psychostimulants  have  greater  addiction  potential 
than  other  routes  of  administration. 

A second  factor  influencing  the  psychostimulant  “high”  is 
believed  to  be  the  baseline  level  of  DA  activity  in  the 
mesolimbic  pathway.  Volkow’s  group  found  that  even  with 
IV  administration  of  cocaine  or  methylphenidate,  there  were 
some  subjects  who  failed  to  experience  a “high”  even  with 
60%  or  greater  DAT  occupancy,  as  indicated  by  PET  imag- 
ing (Volkow  et  al.,  1997,  1999b).  However,  when  a different 
imaging  procedure  was  used  to  assess  the  effects  of  IV 
methylphenidate  on  the  occupancy  of  D?  receptors  by  DA 
(not  by  the  drug),  there  was  a high  correlation  between  this 
measure  and  the  subjective  “high”  (Volkow  et  al.,  1999c). 
What  does  this  result  mean?  Imagine  two  subjects,  A and  B. 
Due  to  individual  differences  in  dopaminergic  system  activ- 
ity, subject  A starts  with  a relatively  low  level  of  baseline  DA 
release  whereas  subject  B starts  with  a relatively  high  level  of 
release.  Both  subjects  are  now  given  sufficient  methyl- 
phenidate or  cocaine  to  produce  60%  DAT  occupancy.  Even 


with  equivalent  amounts  of  reuptake  blockade,  the  effect  of 
this  blockade  on  stimulating  postsynaptic  DA  receptors  will 
be  greater  in  subject  B than  in  subject  A because  of  the  high- 
er initial  concentration  of  DA  molecules  in  the  synaptic  cleft 
(Figure  11.10A  and  B). 


(A)  Low  baseline  DA  release 


Dopamine 

receptors 


(B)  High  baseline  DA  release 


Figure  1 1 .1 0 Hypothesized  role  of  baseline  DA  release 
in  the  reinforcing  effects  of  psychostimulants  If  the  base- 
line level  of  release  is  low  (A),  then  partial  inhibition  of  DA  reup- 
take by  cocaine  or  methylphenidate  has  relatively  little  effect 
on  postsynaptic  DA  receptor  activation  or  behavior.  However,  if 
baseline  DA  release  is  high  (B);then  the  same  reuptake  inhibi- 
tion produces  much  greater  receptor  activation  and  more 
intense  behavioral  and  subjective  effects. 
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The  behavioral  and  subjective  effects  of 
psychostimulants  involve  activation  of  several 
DA  receptor  subtypes 

Given  that  the  functional  effects  of  psychostimulants  are 
dependent  primarily  on  inhibition  of  DA  uptake  and  the 
resulting  increase  in  synaptic  DA  levels,  it  is  necessary  to 
consider  which  postsynaptic  DA  receptor  subtypes  mediate 
these  effects.  You  will  recall  from  Chapter  5 that  there  are 
five  DA  receptor  subtypes:  D]  to  D5.  DY  and  Ds  constitute 
the  Dj-like  family,  whereas  the  D2-like  family  comprises  the 
D2,  D3,  and  D4  receptors.  Numerous  pharmacological  stud- 
ies have  shown  that  relatively  nonselective  antagonists  at 
either  the  Dj-like  or  the  D2-like  family  of  receptors  can 
reduce  both  the  behaviorally  activating  and  reinforcing 
effects  of  psychostimulants  (Gold  et  al.,  1989;  Bergman  et 
al.,  1990;  Fibiger  et  al.,  1992).  The  obvious  limitation  of 
these  studies  is  their  inability  to  distinguish  which  mem- 
bers) of  each  receptor  family  are  critical  for  the  response 
being  measured. 

Fortunately,  some  progress  in  this  area  has  come  from  the 
use  of  genetic  knockouts  lacking  a particular  DA  receptor. 
With  respect  to  the  locomotor-stimulating  effects  of  cocaine, 
the  knockout  studies  have  shown  that  receptors  are 
absolutely  required  for  such  effects  (Xu  et  al.,  1994),  whereas 
D2  receptors  are  not  (Chausmer  et  al.,  2002).  Likewise,  mice 
lacking  D2  receptors  were  reported  to  self-administer 
cocaine,  although  with  some  differences  in  dose-response 
function  compared  to  wild-type  mice  (Caine  et  al.,  2002). 
The  rewarding  or  reinforcing  effects  of  cocaine  have  not  yet 
been  examined  in  D]  receptor  knockouts. 

Other  intriguing  results  have  come  from  pharmacologic 
studies  involving  D3  receptors,  which  are  present  in 
mesolimbic  DA  areas  such  as  the  nucleus  accumbens.  Recall 
from  Chapter  8 that  the  rewarding  effects  of  abused  drugs 
like  cocaine  can  be  assessed  by  their  ability  to  reduce  the 
threshold  for  electrical  self-stimulation  of  the  brain.  As 
shown  in  Figure  11.11,  the  selective  D3  receptor  antagonist 
SB-27701 1 -A  completely  blocked  this  effect  of  cocaine  (Vorel 
et  al.,  2002).  Another  study  found  a reduction  in  cocaine- 
seeking behavior  in  rats  treated  with  BP  897,  a partial  ago- 
nist at  the  D3  receptor  (Pilla  et  al.,  1999).  These  and  other 
results  indicate  an  important  role  for  D3  receptors  in 
cocaine’s  rewarding  and  reinforcing  effects. 

Receptor  antagonists  have  also  been  used  to  determine 
which  DA  receptor  subtypes  are  responsible  for  the  subjec- 
tive “high”  experienced  by  human  psychostimulant  users. 
The  results  from  these  studies  have  been  inconsistent  thus 
far.  Two  different  research  groups  determined  the  influence 
of  ecopipam,  a Dj-like  antagonist,  on  the  subjective  respons- 
es to  cocaine.  In  one  study  involving  IV  cocaine  injection,  a 
single  pretreatment  with  ecopipam  produced  a dose- 
dependent  reduction  in  the  drug  “high”  (Romach  et  al., 


plus 

SB-277011-A 


Figure  1 1 .1 1 Prevention  of  cocaine's  enhancement  of 
brain  stimulation  reward  by  the  D3  receptor  antagonist 
SB-27701 1 -A  Rats  were  implanted  with  stimulating  electrodes 
in  the  medial  forebrain  bundle,  and  the  minimum  stimulus  fre- 
quency capable  of  eliciting  self-stimulation  (reward  threshold) 
was  determined  for  each  animal.  Cocaine  (2  mg/kg  intraperi- 
toneally)  reliably  enhanced  brain  reward  by  decreasing  the 
reward  threshold.This  effect  was  completely  blocked  by  SB- 
27701 1 -A  at  a dose  (3  mg/kg  intraperitoneally)  that  had  no  sig- 
nificant effect  by  itself  on  the  reward  threshold.  (After  Vorel  et 
al.,2002.) 


1999),  whereas  in  another  study  in  which  subjects  smoked 
cocaine  base,  several  days  of  pretreatment  with  ecopipam 
actually  increased  self-reports  of  “high”  (Haney  et  al.,  2001). 
It  is  possible  that  the  chronic  administration  of  the  antago- 
nist was  responsible  for  the  unexpected  effects  observed  in 
the  second  study.  Other  investigators  found  that  acute  pre- 
treatment with  either  pimozide  (D2-like  antagonist)  or 
fluphenazine  (mixed  Dj/D2  antagonist)  had  relatively  little 
effect  on  amphetamine  euphoria  (Brauer  and  de  Wit,  1995, 
1997).  Thus  the  role  of  specific  DA  receptor  subtypes  in  the 
mood-elevating  effects  of  psychostimulants  still  remains  to 
be  determined. 


Section  Summary 

Cocaine  exerts  powerful  effects  on  mood  and  behavior.  The 
cocaine  “high”  is  characterized  by  feelings  of  exhilaration, 
euphoria,  well-being,  heightened  energy,  and  enhanced  self- 
confidence.  Smoked  or  intravenously  injected  cocaine  also 
causes  a “rush”  in  the  user.  At  high  doses  and/or  with  pro- 
longed use,  cocaine  can  give  rise  to  a number  of  negative 
effects  such  as  irritability,  anxiety,  exhaustion,  total  insom- 
nia, and  even  psychotic  symptomatology.  In  animal  studies, 
cocaine  elicits  locomotor  stimulation  and,  at  higher  doses, 
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stereotyped  behaviors.  Cocaine  can  function  as  a discrimi- 
native stimulus,  and  it  exhibits  powerful  reinforcing  effects 
in  standard  self-administration  paradigms.  Physiologically, 
cocaine  produces  sympathomimetic  effects  such  as  increased 
heart  rate,  vasoconstriction,  hypertension,  and  hyperther- 
mia. High  doses  can  be  toxic  or  even  fatal  due  to  seizures, 
heart  failure,  stroke,  or  intracranial  hemorrhage. 

Most  of  the  subjective  and  behavioral  effects  of  cocaine 
have  been  attributed  to  DAT  inhibition  and  the  resulting 
activation  of  dopaminergic  transmission,  particularly  in  the 
nucleus  accumbens  and  striatum.  On  the  other  hand,  studies 
of  DAT  knockout  mice  as  well  as  combined  DAT  and  SERT 
knockouts  suggest  that  5-HT  may  also  play  a role  in  cocaine 
reward  and  reinforcement.  Dp  D3,  and  to  a lesser  extent  D2 
receptors  appear  to  mediate  the  dopaminergic  component  of 
cocaine’s  behavioral  effects. 


Cocaine  Abuse  and  the  Effects 
of  Chronic  Cocaine  Exposure 

Experimental  cocaine  use  may  escalate 
over  time  to  a pattern  of  cocaine  abuse 
and  dependence 

Cocaine  users  give  many  different  reasons  for  their  initial 
decision  to  use  the  drug.  Some  of  these  reasons  are  to  satisfy 
their  curiosity;  to  facilitate  social  interactions;  to  relieve  feel- 
ings of  depression,  anxiety,  or  guilt;  to  have  fun  and  cele- 
brate; or  simply  to  get  “high.”  Cocaine  users  typically 
describe  early  experimentation  with  both  legal  (e.g.,  alcohol) 
and  illegal  drugs,  often  beginning  by  13  or  14  years  of  age. 
Early  use  of  other  substances  may  therefore  be  an  important 
risk  factor  for  the  initiation  of  cocaine  use. 

People  usually  begin  taking  cocaine  via  the  intranasal 
route,  that  is,  by  snorting  it.  Most  individuals  who  try 
cocaine  do  not  progress  to  a pattern  of  abuse.  Some  report  a 
strong  anxiety  response  as  their  initial  reaction  to  cocaine 
and  are  thereby  dissuaded  from  further  experimentation. 
Other  factors  may  likewise  mitigate  against  the  development 
of  a long-term  abuse  pattern,  including  unavailability  of  the 
drug,  the  cost  of  maintaining  a steady  supply,  the  social  and 
legal  consequences  of  illicit  drug  use,  and  the  very  real  fear 
of  losing  control  over  one’s  drug-taking  behavior.  These  fac- 
tors often  lead  to  a termination  of  cocaine  use,  though  there 
are  some  intranasal  users  who  maintain  long-term  periodic 
and  controlled  cocaine  consumption. 

Surveys  performed  by  the  National  Institute  on  Drug 
Abuse  suggest  that  approximately  10  to  15%  of  initial 
intranasal  users  eventually  become  cocaine  abusers.  The 
details  of  this  transition  process  certainly  vary  for  different 
individuals,  yet  a few  factors  have  been  identified  that  may 
generally  be  important.  The  stimulating,  euphoric,  and  con- 


fidence-enhancing effects  described  earlier  provide  a power- 
ful reinforcing  effect  during  the  early  stages  of  cocaine  use. 
Furthermore,  these  aspects  of  cocaine  reinforcement  may  be 
augmented  by  social  responses  from  friends  and  acquain- 
tances who  respond  positively  to  the  user’s  newfound  energy 
and  enthusiasm.  Over  time,  cocaine  use  escalates  as  the  indi- 
vidual discovers  that  higher  doses  produce  a more  powerful 
euphoric  effect.  Even  more  importantly,  the  user  may  switch 
from  intranasal  administration  to  crack  smoking,  freebasing, 
or  IV  injection.  For  many,  this  is  a significant  event  in  their 
drug  history  because  of  the  greater  abuse  potential  of  these 
latter  routes  of  administration.  Moreover,  some  individuals 
develop  a pattern  of  cocaine  binges,  which  are  episodic 
bouts  of  repeated  use  lasting  from  hours  to  days  with  little 
or  no  sleep.  During  these  periods,  nothing  is  important  to 
the  user  except  maintaining  the  “high,”  and  all  available  sup- 
plies of  cocaine  are  consumed  in  this  pursuit.  A 3 -day  free- 
basing  binge  may  involve  the  consumption  of  as  much  as  150 
g of  cocaine,  which  is  an  enormous  amount.  Many  individu- 
als who  abuse  cocaine  also  suffer  from  other  psychiatric  dis- 
orders, such  as  depression,  anxiety  disorders,  or  personality 
disorders.  A comorbid  psychiatric  disorder  may  precede  the 
individual’s  cocaine  use  and  predispose  him  to  begin  taking 
the  drug  (see  the  self-medication  hypothesis  in  Chapter  8), 
or  the  disorder  may  be  induced  as  a consequence  of  the 
chronic  cocaine  exposure. 

Chronic  psychostimulant  exposure  can  give  rise 
to  tolerance  or  sensitization 

As  with  many  drugs,  chronic  exposure  to  psychostimulants 
can  lead  to  reduced  responsiveness,  or  tolerance.  Yet  the 
reverse  effect,  namely  sensitization,  is  also  often  seen  with 
psychostimulants.  One  of  the  amazing  aspects  of  sensitiza- 
tion is  that  just  a few  exposures  to  cocaine  or  amphetamine 
can  produce  an  increased  responsiveness  that  lasts  for  weeks, 
months,  or  even  longer. 

How  can  psychostimulants  produce  both  tolerance  and 
sensitization?  Various  studies  have  shown  that  which  kind  of 
change  you  observe  depends  on  the  pattern  of  drug  expo- 
sure, the  response  that’s  being  measured,  and  the  time  inter- 
val that  has  elapsed  since  the  last  dose.  For  example,  contin- 
uous cocaine  infusion  into  rats  causes  tolerance  to  the  drug’s 
locomotor-stimulating  effect  (Figure  1 1.12A),  whereas  once- 
daily  cocaine  injections  lead  to  behavioral  sensitization,  as 
shown  by  enhanced  stereotyped  behaviors  (Figure  11.12B). 
Sensitization  can  actually  increase  in  strength  after  the  last 
drug  dose  (that  is,  during  the  period  of  withdrawal)  due  to 
ongoing  neurochemical  changes  in  the  brain. 

Under  some  conditions,  researchers  have  observed  a 
short-lasting  acute  tolerance  to  psychostimulants  along  with 
a longer-term  sensitization.  This  combination  of  effects  was 
found  in  an  experiment  in  which  extracellular  DA  levels  in 
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Figure  11.12  Chronic  cocaine  administra- 
tion can  produce  tolerance  or  sensitiza- 
tion/depending  on  the  pattern  of  adminis- 
tration. (A)  Rats  were  given  a continuous 
intravenous  infusion  of  either  saline  or  60 
mg/kg  cocaine  per  day  for  1 1 or  1 2 days.  One 
day  after  the  end  of  the  infusion,  the  animals 
were  given  a saline  injection  or  challenged  with 
cocaine  (20  mg/kg  intraperitoneally),and  they 
were  then  tested  for  locomotor  activity. The  pre- 
viously cocaine-exposed  animals  showed  toler- 
ance, as  indicated  by  a decreased  locomotor 
response  to  the  challenge  dose.  (B)  Rats  given 
once-daily  cocaine  injections  (10  mg/kg 
intraperitoneally)  showed  a progressive 
increase  in  stereotyped  behavior  (sensitization) 
compared  with  saline-treated  controls.The 
behavior  patterns  observed  in  these  animals 
consisted  of  repetitive  corner-to-corner  locomo- 
tion, vertical  rearing  and  nose  poking,  and  head 
bobbing.  Saline  test  injections  on  days  25  and 
29  showed  that  the  high  levels  of  stereotypy 
seen  on  the  other  days  were  due  to  the  cocaine 
injections  on  those  days  and  were  not  a residual 
effect  of  the  prior  treatments.  (A  after  Inada  et 
al.,  1 992;  B after  Post  and  Contel,  1 983.) 


the  striatum  were  measured  in  monkeys  repeatedly  self- 
administering  cocaine  over  a period  of  6 months  (Bradberry, 
2000).  When  animals  gave  themselves  two  doses  of  cocaine 
within  a single  session,  the  DA  response  to  the  second  dose 
was  usually  lower  than  the  response  to  the  first  dose  (acute 
tolerance).  However,  when  the  response  to  the  first  dose 
within  each  session  was  examined  over  the  entire  6-month 
period,  there  was  a gradual  escalation  in  cocaine  s effective- 
ness in  elevating  extracellular  DA  levels  (long-term  sensiti- 
zation). These  findings  are  important  because  they  may  help 
explain  both  the  development  of  psychostimulant  depend- 
ence and  the  drug-taking  patterns  of  dependent  individuals. 
Some  researchers  believe  that  a sensitization-like  mechanism 
underlies  the  increased  drug  craving  experienced  by  cocaine 
or  amphetamine  users  who  are  in  the  process  of  developing  a 
dependence  on  these  substances.  Moreover,  users  report  that 
during  a cocaine  or  amphetamine  binge,  they  need  more 


drug  later  in  the  binge  to  obtain  the  same  “high”  as  they  felt 
at  the  beginning.  Such  reports  suggest  the  development  of  a 
short-term  tolerance  that  may  wear  off  if  sufficient  time 
elapses  between  successive  binges. 

Sensitization  can  be  divided  into  two  phases:  induction, 
which  means  the  process  by  which  sensitization  is  estab- 
lished, and  expression,  which  refers  to  the  process  by  which 
the  sensitized  response  is  manifested.  Somewhat  different 
neurochemical  mechanisms  underlie  these  two  phases  ( Van- 
derschuren  and  Kalivas,  2000).  Activation  of  glutamate 
NMDA  receptors  and  (in  the  case  of  amphetamine) 
dopamine  Dj  receptors  is  necessary  for  the  induction  of  sen- 
sitization. Expression  of  sensitization  is  dependent  at  least 
partly  on  enhanced  reactivity  of  dopaminergic  nerve  termi- 
nals in  the  nucleus  accumbens.  That  is,  a given  psychostimu- 

lam  dose  causes  a gratei  increase  in  accumkns  citmccMm 

DA  levels  in  sensitized  compared  to  nonsensitized  animals. 
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Binge  cocaine  use  has  been  linked  to  a specific 
abstinence  syndrome 

Until  the  early  1980s,  cocaine  was  not  believed  to  produce  a 
syndrome  of  dependence  and  withdrawal,  and  hence  the 
drug  was  not  considered  addictive  by  classical  criteria.  For 
example,  cocaine  dependence  was  not  listed  as  a substance 
abuse  disorder  in  the  1980  version  of  the  Diagnostic  and  Sta- 
tistical Manual  of  Mental  Disorders  (DSM-III).  This  situation 
began  to  change,  however,  when  Frank  Gawin  and  Herbert 
Kleber  (then  at  Yale  University  School  of  Medicine) 
described  a pattern  of  withdrawal  symptoms  (abstinence 
syndrome)  hypothesized  to  occur  following  a cocaine  binge 
(Gawin  and  Kleber,  1986, 1988).  Based  on  a combination  of 
clinical  observations  and  patient  interviews,  the  investigators 
concluded  that  the  cocaine  abstinence  syndrome  occurred  in 
three  phases  that  they  called  crash,  withdrawal,  and  extinc- 
tion. During  the  crash,  the  user  feels  exhausted  and  suffers 
from  a depressed  mood.  Later,  during  the  withdrawal  phase, 
some  of  the  important  symptoms  include  anhedonia  (inabil- 
ity to  experience  normal  pleasures),  anergia  (a  lack  of  ener- 
gy), anxiety,  and  a growing  craving  for  cocaine  that  increases 
the  risk  of  relapse.  Symptoms  subside  during  the  extinction 
phase,  although  relapse  to  cocaine  use  may  still  occur. 
Around  the  same  time  as  Gawin  and  Kleber’s  report,  Dackis 
and  Gold  (1985)  proposed  that  the  negative  mood  state  and 
craving  associated  with  cocaine  withdrawal  stem  from  tem- 
porarily decreased  synaptic  levels  of  DA  (Figure  1 1.13).  This 
hypothesis  needs  to  be  tested  using  appropriate  brain  imag- 
ing techniques  during  the  various  phases  of  a cocaine  binge 
and  withdrawal. 


Figure  11.13  Hypothetical  relationship  between  cocaine 
use,  synaptic  DA  levels,  and  mood  Cocaine  use  acutely  ele- 
vates DA  concentrations,  which  is  thought  to  play  a critical  role 
in  the  euphoric  effects  of  the  drug.  After  use  has  ended,  synap- 
tic DA  concentrations  may  decrease  below  normal  levels,  thus 
leading  to  cocaine  craving  and  a dysphoric  mood.  (After  Dackis 
and  Gold,  1985.) 


Other  investigators  have  studied  the  pattern  of  withdraw- 
al in  long-term  cocaine  users  following  hospitalization  (Wed- 
dington  et  al.,  1990;  Satel  et  al.,  1991).  Although  the  subjects 
exhibited  various  symptoms  at  the  time  of  admission,  they 
experienced  a gradual  decline  in  these  symptoms  over  time 
instead  of  passing  through  distinct  phases  of  withdrawal. 
Because  these  individuals  were  not  known  to  be  binge  users,  it 
is  possible  that  Gawin  and  Kleber’s  multiphasic  model  of 
cocaine  withdrawal  does  not  apply  to  nonbingers. 

Repeated  or  high-dose  cocaine  use  can  have 
serious  health  consequences 

Cocaine  use,  especially  at  high  doses,  can  have  many  adverse 
physiological  and  behavioral  consequences.  With  respect  to 
the  brain,  for  example,  a single  dose  of  cocaine  may  trigger 
a stroke  or  seizure.  Effects  of  chronic  use  on  the  brain  are  dis- 
cussed in  Box  11.1.  Complications  associated  with  the  heart 
range  from  chest  pains  to  cardiac  arrhythmias  (irregular 
heart  rate),  cardiac  myopathy  (damaged  heart  muscle),  and 
even  myocardial  infarction  (heart  attack).  Other  organs  or 
systems  that  can  be  damaged  by  cocaine  include  the  lungs, 
the  gastrointestinal  system,  and  the  kidneys.  Frequent  snort- 
ing of  cocaine  can  lead  to  perforation  of  the  nasal  septum 
(the  tissue  that  separates  the  two  sides  of  the  nose).  Finally, 
ingestion  of  cocaine  by  a pregnant  woman  has  variable 
effects  on  the  unborn  child.  Many  offspring  seem  to  escape 
without  obvious  harm;  others  may  show  attention  deficits  or 
other  behavioral  or  cognitive  abnormalities;  and  in  a small 
number  of  cases,  the  fetus  is  killed  prior  to  birth. 

Behaviorally,  high-dose  cocaine  use  can  lead  to  panic 
attacks  or  the  development  of  a temporary  paranoid  psy- 
chosis with  delusions  and  hallucinations.  One  particularly 
frightening  type  of  hallucination  is  called  “cocaine  bugs,” 
which  refers  to  the  sensation  of  tiny  creatures  crawling  over 
the  user’s  skin.  More  than  100  years  ago,  some  of  Freud’s  col- 
leagues were  already  seeing  patients  with  these  kinds  of  psy- 
chotic reactions.  Cocaine  psychosis  occurs  more  frequently 
with  repeated  use,  which  is  consistent  with  a growing  sensi- 
tization to  the  drug. 

V 

Pharmacological,  behavioral,  and  psychosocial 
methods  are  used  to  treat  cocaine  abuse  and 
dependence 

Pharmacotherapies  High  rates  of  cocaine  abuse  in  our 
society  have  spurred  a great  deal  of  interest  in  developing 
effective  therapies  for  cocaine  users.  At  present,  the  most 
widely  used  agent  is  probably  desipramine,  which  is  a tri- 
cyclic antidepressant  that  mainly  inhibits  NE  uptake.  This 
compound  seems  to  be  most  helpful  as  an  adjunct  therapy 
in  treating  patients  diagnosed  with  cocaine  abuse  (rather 
than  the  more  severe  cocaine  dependence)  who  additionally 
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suffer  from  depression.  Interestingly,  the  5-HT  reuptake 
inhibitor  fluoxetine  (trade  name  Prozac)  seems  to  be  less 
effective  than  desipramine  in  cocaine  users. 

The  National  Institute  on  Drug  Abuse  is  currently  direct- 
ing an  active  program  to  identify  and  test  pharmacological 
agents  that  might  reduce  cocaine’s  euphoric  effects  and/or 
the  craving  that  ensues  during  cocaine  withdrawal.  Because 
of  the  well-known  role  of  DA  in  cocaine  reinforcement  in 
animal  models  and  its  presumed  involvement  in  human 
cocaine  addiction,  much  attention  has  been  directed  to  vari- 
ous dopaminergic  drugs,  including  receptor  agonists,  antag- 
onists, and  uptake  inhibitors,  that  might  compete  with 
cocaine  for  access  to  the  DA  transporter  (Platt  et  aL,  2002). 


At  this  time,  the  most  promising  compounds  appear  to  be 
DA  receptor  partial  agonists,  particularly  those  that  bind  to 
D1  or  D3  receptors.  Partial  agonists  would  compete  with  DA 
for  access  to  the  receptors,  thereby  possibly  blunting  the 
euphoric  effects  of  cocaine-induced  dopaminergic  stimula- 
tion. They  would  have  much  less  abuse  potential  than 
cocaine,  however,  because  of  their  lower  efficacy  at  the  recep- 
tors. BP  897,  the  D3  receptor  partial  agonist  previously  men- 
tioned for  its  ability  to  reduce  cocaine-seeking  behavior  in 
rats,  is  currently  in  phase  2 clinical  trials.  We  hope  that  BP 
897  or  other  D3  selective  agents  will  prove  to  be  more  effica- 
cious against  cocaine  abuse  than  compounds  currently  in 
use. 


BOX  11.1 


Pharmacology  in  Action 


Your  Brain  on 
Cocaine 


In  1 987,  the  Partnership  for  a Drug- 
Free  America  unveiled  a national  ad 
campaign  depicting  an  egg  frying  in  a 
skillet  and  stating  ominously  that 
"This  is  your  brain  on  drugs/'Well, 
obviously  drugs  don't  literally  fry  your 
brain,  but  can  they  cause  serious 
damage?  Later  in  this  chapter  we  will 
see  that  certain  amphetamine 
analogs  do  cause  damage  to  specific 
neurotransmitter  systems  in  experi- 
mental animals  and  probably  also  in 
high-dose  human  users.The  situation 
is  less  clear  for  cocaine.  Nevertheless, 
there  is  substantial  evidence  that 
chronic  cocaine  exposure  can  lead  to 
biochemical,  physiological,  and  struc- 
tural abnormalities  in  the  brain,  as 
well  as  neurological  deficits. 

Several  research  groups  have 
looked  for  changes  in  the  DA  system 
in  chronic  cocaine  users.This  has  been 
accomplished  by  means  of  both  brain 
imaging  methods  in  living  subjects 
and  postmortem  brain  studies,  includ- 
ing some  instances  in  which  the  sub- 
jects died  from  drug  overdose.  A num- 
ber of  changes  in  dopaminergic 
functioning  have  been  reported, 
although  the  results  are  not  entirely 


consistent.  Such  discrepancies  are 
probably  due  to  differences  in  subject 
populations  and  experimental 
methodology. 

In  one  important  study,  Volkow 
and  her  colleagues  used  PET  imaging 
with  [18F]N-methylspiroperidol  to 
determine  D2  receptor  availability  in 
cocaine-dependent  freebase  or  crack 
users  (Volkow  et  aL,  1 993).  Receptor 
availability  in  the  cocaine  group  was 
significantly  decreased  compared  to 
normal  controls,  and  this  difference 
persisted  even  in  subjects  who  were 
retested  following  3 months  of 
cocaine  abstinence.This  finding  could 
reflect  either  reduced  D2  receptor 
density  or  increased  levels  of  DA  com- 
peting with  the  radiolabeled  drug  for 
access  to  the  receptors. Volkow  and 
coworkers  (1997)  subsequently  exam- 
ined the  DA  response  to  methyl- 
phenidate,a  drug  that  increases 
synaptic  DA  levels  by  blocking  reup- 
take.Two  PET  scans  were  performed, 
the  first  under  baseline  conditions 
and  the  second  after  methyl- 
phenidate  administration. The  drug 
was  given  by  IV  injection,  which  is 
noteworthy  because  unlike  standard 
oral  dosing,  this  route  of  methyl- 
phenidate  administration  produces  a 
subjective  high.  D2  receptors  were 
again  imaged,  but  this  time  with 
[11C]raclopride,a  drug  that  is  particu- 


larly known  to  be  sensitive  to  changes 
in  synaptic  levels  of  DA.  Consequently, 
the  reduction  in  radiolabeled  raclo- 
pride  binding  in  the  second  scan 
compared  to  the  first  was  taken  as  a 
measure  of  the  methylphenidate- 
induced  increase  in  DA.  Compared 
with  controls,  the  cocaine-dependent 
subjects  showed  a lower  response  to 
methylphenidate  in  the  striatum,  and 
they  also  reported  a less  intense  drug 
high.  In  contrast,  a greater  methyl- 
phenidate response  occurred  in  the 
thalamus,  which  was  statistically  cor- 
related with  self-reported  cocaine 
craving. These  results  indicate  that 
chronic  cocaine  use  is  associated  with 
alterations  in  DA  availability  that  vary 
with  brain  region. 

Other  kinds  of  imaging  techniques 
have  enabled  researchers  to  look  for 
possible  abnormalities  in  regional 
cerebral  blood  flow,  utilization  of  glu- 
cose (the  brain's  primary  metabolic 
fuel),  brain  volume,  and  gray-matter 
density  in  chronic  cocaine  users. 
Although  such  measures  do  not  tell 
us  about  neurotransmitter  systems, 
they  do  provide  important  informa- 
tion about  the  structural  and  func- 
tional integrity  of  the  brain  areas 
being  scanned.Therefore,  it  is  note- 
worthy that  several  research  groups 

(continued  on  next  page) 
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BOX  11. 1 (continued) 


Whole-brain  renderings  showing  regions  of  decreased  gray  matter  densi- 
ty in  cocaine-dependent  compared  to  control  subjects  Cocaine  users  were 
primarily  crack  smokers  and  had  used  cocaine  for  an  average  of  approximately  13 
years.The  scale  illustrates  the  degree  of  difference  between  groups,  with  yellow  to 
white  showing  the  greatest  difference.  Differences  were  determined  by  thresholding 
techniques  and  structural  magnetic  resonance  imaging  (MRI).  (After  Franklin  et  al., 

2002;  images  courtesy  of  Teresa  Franklin.) 


have  reported  small,  localized  regions 
(varying  from  one  subject  to  another) 
of  hypoperfusion  (abnormally  low 
blood  flow)  in  cocaine  abusers  that 
persist  even  during  abstinence  from 
the  drug. There  is  also  some  evidence 
that  chronic  cocaine  use  leads  to 
long-term  deficits  in  glucose  utiliza- 
tion by  the  frontal  lobes  as  well  as  in 
frontal  lobe  volume.  Finally,  Franklin 
and  coworkers  (2002)  found 
decreased  gray  matter  concentration 
in  select  brain  regions  of  cocaine- 
dependent  compared  to  control  sub- 
jects (see  figure). The  affected  areas 
are  important  in  a number  of  process- 
es including  decision  making,  behav- 
ioral inhibition,  and  emotional 
responses  to  environmental  stimuli. 

Do  these  brain  abnormalities  have 
functional  consequences?  This  ques- 
tion has  been  addressed  in  a number 
of  studies  comparing  neuropsycho- 
logical test  performance  of  abstinent 
cocaine-abusing  subjects  with  that  of 
control  subjects. Overall,  the  results 
indicate  that  cocaine  abuse  is  associ- 
ated with  significant  impairment  in 
many  different  cognitive  functions, 
including  verbal  memory,  attention, 
and  motor  function  (Toomey  et  al., 
2003;  Browndyke  et  al.,  2004). These 
cognitive  deficits  could  be  related  to 
some  combination  of  neurotransmit- 
ter-related (for  example,  dopamine) 
dysfunction,  deficits  in  regional  blood 
flow  or  glucose  utilization,  and  struc- 
tural abnormalities. 

Before  closing,  we  need  to  men- 
tion two  significant  limitations  of  the 
research  just  discussed.  First,  the  study 


designs  do  not  permit  a determina- 
tion of  whether  the  brain  abnormali- 
ties and  cognitive  deficits  were 
caused  by  cocaine  or  were  preexisting 
in  the  subjects.  People  who  become 
dependent  on  cocaine  may  have 
abnormal  brains  before  they  begin 
their  cocaine  use.  Indeed,  some  of 
these  abnormalities  could  predispose 
the  individuals  to  substance  use  and 
eventual  dependence.This  important 
issue  can  only  be  resolved  by  longitu- 
dinal studies  of  the  same  subjects 
that  encompass  time  points  prior  to 


and  following  the  development  of 
their  cocaine  dependence.The  sec- 
ond limitation  is  that  most  cocaine 
users  also  routinely  take  other  drugs 
of  abuse;  that  is,  they  are  polysub- 
stance users.  Consequently,  some  of 
the  findings  may  be  difficult  to  attrib- 
ute specifically  to  cocaine.  Even  with 
these  limitations  in  mind,  there  is 
good  reason  to  believe  that  "a  brain 
on  cocaine" is  not  a normal,  healthy 
brain,  even  though  it  may  not  actually 
resemble  an  egg  in  a frying  pan. 


In  a much  different  approach,  researchers  have  recently 
shown  that  animals  can  be  immunized  against  cocaine.  The 
resulting  antibodies  may  simply  bind  cocaine  molecules 
(Carrera  et  al.,  2001),  or  alternatively,  they  may  have  catalyt- 
ic activity  that  actually  breaks  down  cocaine  in  the  blood- 
stream (Deng  et  al.,  2002).  Both  methods  cause  less  cocaine 
to  get  into  the  brain,  and  both  have  been  shown  to  reduce 
(or  even  completely  block)  cocaine’s  psychoactive  effects  in 
animals  (Figure  11.14).  Initial  clinical  trials  showed  that 


humans  can  also  be  immunized  against  cocaine,  but  the 
anticocaine  antibodies  gradually  disappeared  over  time 
(Kosten  et  al.,  2002).  Much  more  research  must  be  done 
before  we  will  know  whether  vaccination  is  a viable  thera- 
peutic option  against  cocaine  abuse  and  addiction. 

Behavioral  and  psychosocial  therapies  It  should  be 
apparent  that  researchers  have  not  yet  discovered  any  com- 
pound that  is  broadly  effective  in  treating  cocaine  abusers. 
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Figure  11.14  Reduction  in  behavioral  responses  to 
cocaine  in  vaccinated  (immunized)  rats  Previously  immu- 
nized (red)  and  control  (blue)  animals  were  challenged  with 
cocaine  (15  mg/kg  intraperitoneally),  after  which  their  locomo- 
tor activity  (A)  and  stereotyped  behavior  (B)  were  assessed  for  a 
90-minute  period. The  immunized  animals  showed  significantly 
less  cocaine-induced  locomotor  activity  than  the  controls,  and  a 
lower  percentage  of  the  immunized  group  displayed  stereo- 
typed behavior  throughout  the  entire  test  period.  (After  Carrera 
etal.,2001.) 


Although  this  situation  could  change  with  the  development 
of  newer  medications,  it  is  necessary  to  consider  the  potential 
role  of  behavioral  and  social  therapies  in  dealing  with  this 
problem.  While  pharmacotherapy  may  aid  in  patient  stabi- 
lization (e.g.,  by  reducing  craving  or  other  abstinence  symp- 
toms), equally  important  are  counseling  and  support  struc- 


tures that  enable  the  patient  to  learn  new  coping  responses, 
avoid  triggers  for  relapse,  and  function  effectively  in  a drug- 
free  lifestyle. 

There  are  a variety  of  different  treatment  programs  for 
cocaine-dependent  individuals.  Many  are  conducted  on  an 
outpatient  basis,  although  the  most  severe  cases  usually 
receive  the  greatest  benefit  from  hospitalization  and  either 
short-  or  long-term  inpatient  treatment.  Psychosocial  treat- 
ment programs  involve  individual,  group,  or  family  counsel- 
ing designed  to  educate  the  user,  promote  behavioral  change, 
and  alleviate  some  of  the  problems  caused  by  the  cocaine 
abuse.  Cognitive  behavior  therapies  are  aimed  at  restructur- 
ing cognitive  (thought)  processes  and  training  the  user  either 
to  avoid  high-risk  situations  that  might  cause  relapse  or  to 
employ  appropriate  coping  mechanisms  to  manage  such  sit- 
uations when  they  occur.  This  approach  is  sometimes  called 
relapse  prevention  therapy.  Also  available  are  12-step  pro- 
grams such  as  Narcotics  Anonymous  or  Cocaine  Anonymous. 
The  general  approach  of  all  12-step  programs  is  based  on  that 
of  Alcoholics  Anonymous,  which  is  described  in  Chapter  9. 

One  of  the  most  interesting  approaches  to  treating 
cocaine  users  was  developed  by  Stephen  Higgins  and  his 
coworkers  at  the  University  of  Vermont  (Higgins  et  al.,  1994). 
This  is  a 24-week,  outpatient,  multicomponent  behavioral 
treatment  program  based  on  the  premise  that  drug  taking  is 
an  operant  response  that  persists  mainly  due  to  the  reinforc- 
ing properties  of  the  drug.  Hence  altering  reinforcement 
contingencies  to  reduce  drug-associated  reinforcement  and 
to  increase  the  availability  of  nondrug  reinforcers  should 
help  promote  abstinence  and  the  adoption  of  a drug-free 
lifestyle.  As  part  of  this  program,  each  negative  urine  test  by 
the  client  is  reinforced  with  a voucher.  These  vouchers  can- 
not be  redeemed  for  money  per  se,  to  avoid  patients  accu- 
mulating funds  for  drug  purchases;  however,  they  can  be 
exchanged  for  items  approved  by  the  individual’s  counselor, 
particularly  things  that  promote  a healthy  lifestyle  such  as 
YMCA  passes  and  educational  materials.  Another  aspect  of 
this  program  involves  a Community  Reinforcement 
Approach  (CRA)  (Hunt  and  Azrin,  1973),  which  is  designed 
to  enhance  the  patient’s  social  (including  family)  relation- 
ships, recreational  activities,  and  job  opportunities. 

Section  Summary 

Early  use  of  other  substances  seems  to  be  an  important  risk 
factor  for  the  initiation  of  cocaine  use.  Some  users  quickly 
stop  taking  cocaine  for  various  reasons,  some  maintain  con- 
trolled use  for  long  periods  of  time,  and  still  others  progress 
to  a pattern  of  uncontrolled  use  (i.e.,  abuse).  Such  a progres- 
sion may  come  about  through  dose  escalation  and/or  switch- 
ing from  intranasal  use  to  smoking  or  IV  injection,  routes  of 
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administration  with  greater  abuse  potential.  Cocaine  abuse 
may  be  manifested  by  daily  or  near-daily  use  or  by  a pattern 
of  bingeing.  Many  individuals  who  abuse  cocaine  also  suffer 
from  other  psychiatric  disorders. 

Chronic  exposure  to  cocaine  or  other  psychostimulants 
can  lead  to  tolerance  and/or  sensitization.  Changes  in  drug 
responsiveness  depend  on  the  pattern  of  drug  exposure,  the 
outcome  measure,  and  the  time  since  the  last  dose.  Some  pat- 
terns of  psychostimulant  exposure  cause  a short-term  toler- 
ance but  a longer-term  sensitization.  Different  neural  mecha- 
nisms underlie  the  induction  and  expression  of  sensitization. 

For  many  years,  cocaine  was  thought  not  to  produce  any 
kind  of  dependence.  This  view  changed  when  investigators 
began  to  observe  various  psychological  symptoms  occurring 
during  cocaine  withdrawal.  In  particular, 
cocaine  binges  are  reportedly  followed  by  a 
complex  abstinence  syndrome  of  craving, 
anhedonia,  and  anergia  that  places  the  user 
at  high  risk  for  relapse.  These  symptoms  have 
been  hypothesized  to  result  from  a tempo- 
rary reduction  in  synaptic  DA  availability. 

The  adverse  effects  of  repeated  or  high- 
dose  cocaine  use  include  stroke  or  seizure, 
cardiovascular  problems  including  heart 
attack,  damage  to  other  organ  systems,  and 
possible  abnormalities  in  the  development 
of  offspring  exposed  to  cocaine  prenatally. 

High-dose  cocaine  use  can  also  lead  to  panic 
attacks  or  the  onset  of  a paranoid  psychotic 
reaction. 

Finally,  much  effort  in  the  area  of  treat- 
ing cocaine  abuse  has  been  focused  on  the 
development  of  medications  that  might 
reduce  craving  and  promote  abstinence 
among  users.  Possible  medications  include 
DA  receptor  partial  agonists  such  as  the  D3- 
selective  compound  BP  897,  as  well  as  anti- 
cocaine vaccines.  Pharmacotherapy  alone, 
however,  will  probably  not  be  completely 
successful  in  dealing  with  our  society’s 
cocaine  abuse  problem.  Effective  behavioral 
and  counseling  programs  must  therefore 
also  be  implemented.  Current  approaches 
include  psychosocial  treatment  programs, 
cognitive  behavior  therapies  aimed  at 
relapse  prevention,  12-step  programs  like 
Narcotics  Anonymous  and  Cocaine  Anony- 
mous, and  behavioral  programs  based  on  a 
combination  of  vouchers  and  CRA.  Over 
time,  these  and  other  novel  methods,  along 
with  new  pharmacotherapies,  may  help 
reverse  the  devastating  effects  of  cocaine  on 
our  society. 


The  Amphetamines 

Background  and  History 

Amphetamine  is  the  parent  compound  of  a family  of  syn- 
thetic psychostimulants.  It  is  available  in  two  chemical  forms, 
1-amphetamine  (trade  name  Benzedrine)  and  d-ampheta- 
mine  (also  called  dextroamphetamine;  trade  name 
Dexedrine).  Other  members  of  this  family  are  methamphet- 
amine,  3,4-methylenedioxymethamphetamine  (MDMA), 
3,4-methylenedioxyamphetamine  (MDA),  and  3, 4-methyl - 
enedioxy-N-ethylamphetamine  (MDE).  As  can  be  seen  in 
Figure  11.15,  these  compounds  are  structurally  related  to  the 
neurotransmitter  DA. 
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Figure  11.15  Amphetamine  and  related  psychostimulants  resemble  the 
neurotransmitter  DA  in  their  chemical  structure. This  accounts  for  their  potent 
effects  on  the  dopaminergic  system. 
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Figure  11.15  also  shows  two  naturally  occurring  plant 
compounds  that  are  similar  in  structure  to  amphetamine. 
One  of  these  is  cathinone,  which  is  the  primary  active  ingre- 
dient in  khat  (alternately  spelled  qat)  ( Catha  edulis ),  an  ever- 
green shrub  native  to  East  Africa  and  the  Arabian  peninsula 
(Figure  11.16).  A second  amphetamine-like  compound  is 
ephedrine,  which  comes  from  the  herb  Ephedra  vulgaris. 
Chinese  physicians  have  used  Ephedra  (known  to  them  as  ma 
huang)  for  more  than  5000  years  as  an  herbal  remedy.  Like 
other  amphetamine-like  substances,  ephedrine  reduces 
appetite,  and  it  also  provides  a subjective  feeling  of  height- 
ened energy.  For  these  reasons,  a number  of  companies 
began  to  market  ephedra-containing  dietary  supplements  as 
weight  loss  products  sold  in  health  food  stores.  These  sup- 
plements became  so  popular  that  in  1999,  the  General 
Accounting  Office  estimated  that  Americans  were  consum- 
ing about  2 billion  doses  of  ephedra-containing  products 
each  year!  Unfortunately,  ephedrine  sharply  elevates  blood 
pressure  and  exerts  other  sympathomimetic  effects  as  well. 
These  effects  can  increase  the  risk  of  heart  attack  or  stroke, 
particularly  with  large  drug  doses  or  in  vulnerable  individu- 
als. Due  to  the  many  reports  of  adverse  reactions  (including 
several  deaths)  associated  with  the  use  of  ephedra,  the  Food 
and  Drug  Administration  (FDA)  became  increasingly  con- 
cerned about  this  substance.  Then  in  February  of  2003, 
national  headlines  were  made  when  a young  Baltimore  Ori- 
oles pitcher  named  Steve  Bechler  collapsed  and  died  during 
spring  training  in  Florida.  Struggling  to  control  his  weight, 
Bechler  had  been  taking  high  doses  of  a popular  ephedra- 
containing  supplement,  and  the  Broward  County  coroner 
ruled  that  ephedra  was  a likely  contributory  factor  in  the 
pitcher’s  death.  As  a consequence  of  this  and  other  reported 
adverse  reactions,  the  FDA  officially  banned  the  sale  of 
ephedra-containing  dietary  supplements  in  April  2004. 

Interestingly,  ephedra  played  a key  role  in  the  development 
of  amphetamine.  In  the  1920s,  purified  ephedrine  was  found 
to  be  a valuable  antiasthmatic  agent  due  to  its  powerful  bron- 
chodilator  (widening  of  the  airways)  action  A However,  the 
medical  profession  soon  became  concerned  that  demand  for 
ephedrine  might  exceed  its  supply  and  therefore  began  to 
search  for  an  appropriate  synthetic  substitute.  That  substitute 
turned  out  to  be  amphetamine,  which  had  first  been  synthe- 
sized in  1887  by  Edeleano.  The  Smith,  Kline  & French  phar- 
maceutical company  introduced  an  amphetamine-containing 
inhaler  in  1932.  The  inhaler,  which  contained  250  mg  of  Ben- 
zedrine in  a cotton  plug,  proved  to  be  effective  in  temporari- 
ly relieving  nasal  or  bronchial  congestion.  Unfortunately, 
however,  some  individuals  began  to  overuse  these  inhalers, 


*Many  over-the-counter  as  well  as  prescription  drugs  marketed  as 
decongestants  still  contain  pseudoephedrine  as  their  active  ingre- 
dient. This  is  a close  chemical  relative  of  ephedrine  that  has  fewer 
central  nervous  system  and  cardiovascular  side  effects. 


Figure  11.16  Khat  for  sale  in  an  Ethiopian  marketplace. 


particularly  since  many  varieties  could  be  purchased  without 
a prescription.  Other  people  learned  to  open  the  container, 
remove  the  amphetamine-containing  plug,  and  either  chew 
the  cotton,  swallow  it,  or  extract  it  to  recover  the  drug  for  the 
purpose  of  injection.  Amphetamine  in  tablet  form  was  first 
marketed  in  1935  as  a treatment  for  a sleep  disorder  called 
narcolepsy  (see  the  discussion  on  therapeutic  uses  of  the 
drug).  By  the  1940s,  amphetamine  had  become  so  widely 
embraced  by  the  medical  profession  that  one  author  docu- 
mented 39  supposed  clinical  uses  for  the  drug.  In  addition, 
many  American  military  personnel  were  given  amphetamine 
to  forestall  sleep  and  maintain  a heightened  level  of  alertness 
during  prolonged  periods  on  duty. 

After  World  War  II,  the  United  States  experienced  a surge 
in  the  street  use  of  amphetamine.  During  the  1950s  and 
1960s,  students  were  casually  using  amphetamines  in  the 
same  way  that  caffeine  is  presently  taken  to  remain  awake 
during  pre-exam  all-nighters.  The  peak  of  amphetamine  use 
in  the  United  States  occurred  during  the  early  1970s,  when 
the  legal  production  of  amphetamine  exceeded  10  billion  (!) 
tablets,  and  at  least  one  survey  estimated  that  approximately 
25%  of  young  men  had  used  stimulant  drugs  (mainly 
amphetamine  or  related  compounds)  on  one  or  more  occa- 
sions. Since  that  time,  cocaine  has  generally  supplanted 
amphetamine  as  the  major  abused  psychostimulant.  One 
exception  to  this  trend,  however,  has  been  a recent  upsurge 
in  methamphetamine  use  in  certain  parts  of  the  country. 
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In  the  following  discussion,  amphetamine  and  metham- 
phetamine  are  presented  together  because  of  their  similar 
neurochemical  and  behavioral  effects.  MDMA,  MDA,  and 
MDE  are  covered  in  a separate  section  at  the  end  of  the  chap- 
ter because  they  differ  in  important  ways  from  the  other 
amphetamines. 


urine.  The  elimination  half-life  of  amphetamine  ranges  from 
7 to  more  than  30  hours  depending  on  the  pH  of  the  urine. 
Because  of  this  long  half-life,  users  obtain  a much  longer- 
lasting  “high”  from  a single  dose  of  amphetamine  or 
methamphetamine  than  they  can  get  from  a dose  of  cocaine. 


Basic  Pharmacology  of  Amphetamine 

Amphetamine  is  typically  taken  either  orally  or  by  IV  or  sub- 
cutaneous injection  (the  latter  is  sometimes  called  “skin  pop- 
ping”). Street  names  for  amphetamine  include  “uppers,” 
“bennies,”  “dexies,”  “black  beauties,”  and  “diet  pills.”  Because 
absorption  from  the  gastrointestinal  tract  is  relatively  slow, 
it  may  take  up  to  30  minutes  for  behavioral  effects  to  be 
experienced  after  a typical  oral  dose  of  5 to  15  mg.  In  con- 
trast, IV  injection  provides  a much  more  rapid  and  intense 
“high”  than  oral  consumption  and  has  much  greater  abuse 
potential. 

Methamphetamine  is  more  potent  than  amphetamine  in 
its  effects  on  the  central  nervous  system  and  is  therefore 
favored  by  substance  abusers  when  it  is  available.  Typical 
street  names  for  methamphetamine  are  “meth ,”  “speed,” 
“crank,”  “zip,”  and  “go.”  The  drug  can  be  taken  orally,  snort- 
ed, injected  intravenously,  or  smoked.  Smoking  metham- 
phetamine can  be  accomplished  either  using  a glass  pipe  or 
by  heating  the  compound  on  a piece  of  aluminum  foil  (a 
practice  sometimes  called  “chasing  the  dragon”).  Metham- 
phetamine hydrochloride  in  a crystalline  form  particularly 
suitable  for  smoking  (called  “ice”  or  “crystal”  on  the  street) 
began  showing  up  Hawaii  in  the  1980s.  This  material  has 
since  spread  to  many  parts  of  the  country,  particularly  in  the 
West,  South,  and  Midwest.  Because  “ice”  is  inexpensive  to 
make  and  highly  addictive,  it  poses  a serious  risk  for  society’s 
attempts  to  control  and  reduce  the  incidence  of  stimulant 
abuse. 

Some  amphetamine  or  methamphetamine  users  (called 
“speed  freaks”)  go  on  binges,  or  “runs,”  of  repeated  IV  injec- 
tions to  experience  recurrent  highs.  During  a run,  the  drug 
is  typically  injected  approximately  every  2 hours  for  a period 
as  long  as  3 to  6 days  or  more.  Little  sleep  or  eating  occurs 
during  a run.  The  user  finally  becomes  exhausted,  ends  the 
run,  and  goes  to  sleep  for  many  hours.  Barbiturates  or  other 
depressant  drugs  are  sometimes  used  either  to  “take  the  edge 
off”  during  a run  or  to  assist  in  sleeping  following  the  run. 
Yet  another  approach  is  to  moderate  the  extreme  stimulatory 
effect  of  IV  amphetamine  or  methamphetamine  by  combin- 
ing it  with  heroin  to  yield  a so-called  “speedball.” 

Amphetamine  and  methamphetamine  are  metabolized  by 
the  liver,  though  at  a slow  rate.  Metabolites,  as  well  as  some 
unmetabolized  drug  molecules,  are  mainly  excreted  in  the 


Mechanisms  of  Amphetamine  Action 

Amphetamine  and  methamphetamine  are  indirect  agonists 
of  the  catecholaminergic  systems.  Unlike  cocaine,  which  only 
blocks  catecholamine  reuptake,  amphetamine  and  metham- 
phetamine also  release  catecholamines  from  nerve  terminals. 
At  very  high  doses,  these  compounds  can  even  inhibit  cate- 
cholamine metabolism  by  monoamine  oxidase. 

Studies  on  the  mechanism  of  catecholamine  release  by 
amphetamine  have  particularly  focused  on  DA.  The  results 
of  this  research  suggest  that  two  related  drug  actions  are 
involved.  One  action  is  to  cause  DA  molecules  to  be  released 
from  inside  the  vesicles  into  the  cytoplasm  of  the  nerve  ter- 
minal. These  DA  molecules  are  subsequently  transported 
outside  of  the  terminal  by  a reversal  of  the  DAT  (Figure 
11.17).  The  result  is  a massive  increase  in  synaptic  DA  con- 
centrations and  an  associated  stimulation  of  dopaminergic 
transmission. 

In  animals,  amphetamine-  or  methamphetamine-stimu- 
lated  DA  release  has  been  demonstrated  using  techniques 


Figure  11.17  Mechanisms  of  amphetamine-stimulated 
DA  release  Amphetamine  (AMPH)  molecules  enter  DA  nerve 
terminals  partly  due  to  uptake  by  DAT.  Once  inside  the  terminal, 
the  drug  provokes  DA  release  from  the  synaptic  vesicles  into 
the  cytoplasm.  In  addition,  DAT  functions  in  a reverse  direction 
to  release  DA  from  the  cytoplasm  into  the  extracellular  fluid. 
The  combined  effect  of  these  processes  is  a massive  increase  in 
synaptic  DA  levels. 
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such  as  in  vivo  microdialysis.  Brain  imaging  studies  have 
likewise  provided  evidence  for  DA  release  in  humans  follow- 
ing IV  amphetamine  injection  in  the  laboratory  (Drevets  et 
al.,  2001).  It  is  important  to  recognize  that  the  NE-releasing 
effects  of  amphetamines  occur  not  only  in  the  brain  but  also 
in  the  sympathetic  nervous  system.  Consequently,  these 
compounds  exert  potent  sympathomimetic  actions  similar 
to  those  seen  with  cocaine. 


Behavioral  and  Neural  Effects 
of  Amphetamine 

Amphetamine  is  a psychostimulant  that 
has  therapeutic  uses 

Like  cocaine,  amphetamine  causes  heightened  alertness, 
increased  confidence,  feelings  of  exhilaration,  reduced 
fatigue,  and  a generalized  sense  of  well-being  in  human 
users.  A number  of  other  effects  have  also  been  observed, 
including  improved  performance  on  simple,  repetitive  psy- 
chomotor tasks;  a delay  in  sleep  onset;  and  a reduction  in 
sleep  time,  particularly  with  respect  to  REM  (rapid  eye 
movement)  sleep.  Indeed,  amphetamine  permits  sustained 
physical  effort  without  rest  or  sleep,  which  accounts  for  its 
distribution  to  military  personnel  during  World  War  II  as 
well  as  its  occasional  use  by  truck  drivers  and  other  workers 
desirous  of  foregoing  sleep  for  extended  periods  of  time.  The 
drug  can  also  enhance  athletic  performance  and  is  therefore 
one  of  the  many  banned  substances  in  athletic  competitions. 
In  rodents  and  other  animals,  amphetamine  elicits  behav- 
ioral activation  (locomotor  stimulation  and  stereotypy)  sim- 
ilar to  that  seen  with  cocaine.  It  is  also  highly  reinforcing,  as 
shown  by  numerous  studies  involving  drug  self-administra- 
tion or  place  conditioning. 

Although  amphetamine  is  a controlled  substance,  it  does 
have  a few  medical  uses.  As  mentioned  earlier,  one  such  use  is 
in  the  treatment  of  narcolepsy.  Narcolepsy  typically  involves 
recurring  and  irresistible  attacks  of  sleepiness  during  the 
daytime  hours,  although  other  symptoms  may  also  be  pres- 
ent. Amphetamine  and  particularly  methylphenidate  are 
even  more  widely  used  in  treating  children  with  ADHD.  This 
disorder  is  discussed  further  in  Box  1 1.2. 

High  doses  or  chronic  use  of  amphetamine  or 
methamphetamine  can  cause  psychotic  reac- 
tions as  well  as  brain  damage 

Psychotic  reactions  More  than  30  years  ago,  several 
research  groups  first  described  in  some  high-dose  ampheta- 
mine users  a psychotic  reaction  consisting  of  visual  and/or 
auditory  hallucinations,  behavioral  disorganization,  and  the 
development  of  a paranoid  state  with  delusions  of  persecu- 


tion. Users  may  experience  the  same  hallucination  of  a para- 
sitic skin  infestation  described  earlier  for  cocaine.  These  reac- 
tions to  amphetamine  usually  do  not  occur  upon  first  expo- 
sure to  the  drug,  but  only  after  a chronic  abuse  pattern  has 
developed.  Furthermore,  in  at  least  one  study  the  paranoia 
and  hallucinations  did  not  typically  begin  until  the  second 
or  third  day  of  a “speed  run.” 

With  the  increasing  use  of  methamphetamine,  the  inci- 
dence of  psychotic  reactions  to  this  substance  is  growing. 
Anecdotal  reports  suggest  that  high-dose  methamphetamine 
use  can  also  lead  to  violent  behavior.  Finally,  some  metham- 
phetamine users  who  had  an  earlier  psychotic  reaction  may 
undergo  spontaneous  recurrences  known  as  “flashbacks” 
even  while  abstinent  from  the  drug.  These  flashbacks  can  be 
triggered  by  stressful  events  and  may  reflect  heightened  stress 
sensitivity  in  former  psychostimulant  users. 

Neurotoxicity  There  is  a special  danger  to  methampheta- 
mine users  due  to  the  neurotoxic  properties  of  this  sub- 
stance. Investigators  have  known  for  many  years  that  admin- 
istration of  multiple  doses  of  methamphetamine  to  animals 
causes  long-lasting  reductions  in  the  levels  of  DA,  tyrosine 
hydroxylase  (the  key  enzyme  in  DA  synthesis),  and  the  DAT 
in  the  striatum  (McCann  and  Rucaurte,  2004).  These 
changes  are  indicative  of  damage  to  DA  axons  and  terminals, 
which  has  been  confirmed  by  histological  experiments  show- 
ing the  presence  of  degenerating  fibers.  Methamphetamine 
also  produces  damage  to  serotonergic  fibers  in  several  parts 
of  the  brain,  including  the  neocortex,  hippocampus,  and 
striatum. 

Until  recently,  no  one  knew  whether  human  metham- 
phetamine users  suffer  the  same  consequences  as  metham- 
phetamine-treated  experimental  animals.  Now,  however, 
there  are  at  least  two  different  imaging  studies  reporting 
reduced  DAT  density  in  the  striatum  of  methamphetamine 
users,  even  in  individuals  who  had  been  abstinent  from  the 
drug  for  many  months  or  longer  (McCann  et  al.,  1998; 
Volkow  et  al.,  2001a).  Several  PET  scans  from  one  of  these 
studies  are  shown  in  Figure  11.18.  Decreases  in  neurotrans- 
mitter transporters  sometimes  reflect  loss  of  the  correspon- 
ding (in  this  case,  DA)  nerve  fibers,  since  the  transporters  are 
located  on  the  membrane  of  these  fibers.  Note,  for  example, 
the  large  reduction  in  DAT  in  the  striatum  of  a Parkinson  s 
disease  patient,  where  the  dopaminergic  innervation  of  the 
striatum  is  known  to  be  severely  compromised.  At  this  point, 
we  cant  be  certain  that  the  reduced  DA  transporter  density 
in  methamphetamine  users  is  a sign  of  DA  neurotoxicity, 
although  such  an  interpretation  is  consistent  with  the  animal 
studies.  Moreover,  since  there  appears  to  be  a progressive  loss 
of  dopaminergic  neurons  and  fibers  during  normal  human 
aging,  even  a modest  amount  of  damage  to  this  system  early 
in  life  could  predispose  the  individual  to  developing  Parkin- 
son’s disease  later  on. 
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Figure  11.18  PET  images  of  reduced  striatal  DAT  binding 
associated  with  psychostimulant  abuse  Brain  images  were 
taken  of  a control  subject,  a subject  who  had  previously  abused 
methamphetamine,  one  who  had  abused  methcathinone  (a 
derivative  of  cathinone),and  a patient  suffering  from  Parkinson's 
disease  (PD). The  drug-using  subjects  were  abstinent  at  the  time 


MDMA— The  Entactogenic  Amphetamine 

Three  members  of  the  amphetamine  family,  MDMA,  MDA, 
and  MDE,  differ  from  the  others  in  terms  of  their  chemical 
structures,  neurochemical  actions,  and  behavioral  effects.  We 
will  focus  on  MDMA  due  to  its  significant  recreational  use 
in  the  United  States  and  elsewhere. 

MDMA  was  developed  and  patented  by  the  Merck  phar- 
maceutical company  in  1914.  The  drug  was  essentially  for- 
gotten for  the  next  50  to  60  years.  However,  in  the  1970s  a 
small  group  of  psychotherapists  began  to  use  MDMA  as  a 
therapeutic  adjunct.  They  argued  that  MDMA  caused  clients 
to  become  more  communicative,  to  open  up  their  emotions, 
and  to  experience  greater  closeness  or  empathy  with  other 
individuals  (Greer  and  Tolbert,  1986).  These  reports  led 
David  Nichols,  a chemist  who  has  studied  the  structure  and 
actions  of  MDMA  and  related  drugs,  to  coin  the  term  entac- 
togen  to  distinguish  these  compounds  from  both  the  psy- 
chostimulants and  hallucinogens  (Nichols,  1986).  Entactogen 
was  derived  by  combining  the  Latin  tactus , meaning  “touch,” 
with  the  Greek  roots  en-,  for  “within,”  and  -gen,  meaning  “to 
produce  or  originate.”  Thus  entactogens  are  supposed  to  elic- 
it a “touching  within,”  or,  in  more  direct  terms,  an  enhanced 
ability  to  introspect  and  to  confront  disturbing  or  painful 
emotions. 

MDMA  also  began  to  be  used  recreationally  under  such 
street  names  as  “ecstasy,”  “XTC,”  and  “Adam.”  In  response  to 
several  reports  of  toxic  reactions  (including  some  fatalities) 
to  MDMA  and  the  resulting  adverse  publicity,  the  Drug 
Enforcement  Administration  (DEA)  gave  MDMA  a Sched- 
ule I classification  (no  accepted  medical  use  and  a high  abuse 
potential)  in  1985.  However,  making  MDMA  illegal  failed  to 
stem  its  increasing  use  by  large  numbers  of  adolescents  and 
young  adults. 


Methcathinone  PD 

of  testing.  DA  transporter  sites  were  labeled  with  the  radiola- 
beled cocaine  analog  [11C]WIN-35,428.The  decreased  DA  trans- 
porter binding  in  the  drug  users  suggests  that  damage  may  have 
occurred  to  the  dopaminergic  innervation  of  the  striatum.  Such 
damage  is  known  to  occur  in  PD,  as  can  be  seen  in  the  drastically 
reduced  binding  in  the  PD  patient.  (From  McCann  et  al.,  1 998.) 


Much  MDMA  use  occurs  at  dances  called  “raves.”  Dancers 
typically  consume  one  or  two  tablets,  each  containing  about 
100  to  200  mg  of  MDMA.  The  drug  reportedly  produces 
mild  euphoria,  enhanced  sensory  perception,  increased  ener- 
gy, feelings  of  well-being  and  self-confidence,  a desire  to  be 
with  and  interact  with  other  people,  and  sometimes  sexual 
arousal.  MDMA  does  not  generally  have  hallucinogenic 
effects,  although  hallucinations  can  occur  with  high  doses  of 
MDA.  MDMA  can  also  cause  a variety  of  physiological 
responses,  including  increased  heart  rate  and  blood  pressure, 
elevated  body  temperature,  sweating  and  salivation,  tremor, 
trismus  (tightening  of  the  jaw  muscles),  and  bruxism  (teeth 
grinding).  When  MDMA  is  consumed  at  a dance,  the  rise  in 
body  temperature  and  loss  of  fluids  produced  by  the  drug  are 
exacerbated  by  environmental  conditions  and  by  the  physical 
exertion  of  the  dancer.  This  can  lead  to  fatal  consequences  if 
one  is  not  careful.  Thus  dancers  are  advised  to  take  frequent 
breaks  to  cool  off  and  to  consume  sufficient  water  (though 
not  too  much)  to  replace  lost  body  fluids. 

We  saw  earlier  that  amphetamine  and  methamphetamine 
stimulate  the  release  and  block  the  reuptake  of  cate- 
cholamines. We  also  noted  that  methamphetamine  has  neu- 
rotoxic effects  on  the  DA  system.  MDMA  differs  from 
amphetamine  and  methamphetamine  in  that  its  primary 
mode  of  action  is  to  enhance  the  release  of  5-HT  and  inhib- 
it 5-HT  reuptake.  It  also  stimulates  DA  release,  but  not  as 
powerfully  as  in  the  case  of  5-HT.  Activation  of  serotoner- 
gic transmission  by  MDMA  is  thought  to  mediate  many  of 
the  drugs  behavioral  effects  and  to  be  responsible  for  the 
differences  between  MDMA  and  amphetamine  or  metham- 
phetamine. 

Unfortunately,  there  is  a dark  side  to  MDMA  that  most 
users  either  ignore  or  refuse  to  believe.  Numerous  animal 
studies  involving  both  rodents  and  nonhuman  primates  have 
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BOX  1 1 .2 


Clinical  Applications 


Psychostimulants 
and ADHD 


The  most  important  clinical  use  for 
psychostimulants  is  in  the  treatment 
of  a developmental  disorder  known 
as  attention-deficit/hyperactivity  dis- 
order (ADHD). Children  with  ADHD 
exhibit  extreme  degrees  of  inatten- 
tiveness, impulsivity,  and  hyperkinesis 
(excessive  motor  activity). They  have  a 
very  short  attention  span  and  impul- 
sively turn  their  attention  to  almost 
anything  in  the  environment.  DSM-IV 
identifies  three  different  subtypes  of 
ADHD:  a predominantly  inattentive 
subtype,  a predominantly  hyperac- 
tive-impulsive subtype, and  a com- 
bined subtype.  In  severe  cases  of  the 
hyperactive-impulsive  or  combined 
subtype,  there  may  be  destructive- 
ness, stealing,  lying, fire  setting,  and 
sexual  “acting  out."The  child  is  fre- 
quently unruly  in  the  classroom  and 
disruptive  of  family  interactions  with- 
in the  home. 

ADHD  symptoms  sometimes  per- 
sist into  adulthood.  Adult  ADHD 
patients  show  signs  of  distractibility, 
impulsivity,  restlessness,  hyperemo- 
tionality, and  problems  both  at  work 
and  in  interpersonal  relationships. 
Moreover,  such  individuals  are  at 
heightened  risk  for  developing  con- 
duct disorder,  antisocial  personality 
disorder,  and/or  substance  abuse 
problems. 

The  relevance  of  psychostimulants 
for  the  treatment  of  ADHD  is  that  low 
doses  of  these  drugs  produce  a calm- 
ing effect  in  more  than  half  of  affect- 
ed children. This  phenomenon  was 
first  reported  by  Bradley  in  1937  and 
has  since  been  observed  in  many 
other  studies.  Dextroamphetamine, 
methylphenidate,and  a third  stimu- 
lant called  pemoline  (trade  name 
Cylert)  are  the  medications  usually 
prescribed  for  ADHD.  For  the  best 


results,  concomitant  psychotherapy 
and  parental  counseling  are  also 
required.  Stimulants  can  also  cause 
undesirable  side  effects  in  some  chil- 
dren, one  of  which  may  be  reduced 
growth.  Whether  or  not  chronic  stim- 
ulant treatment  suppresses  growth 
has  been  a matter  of  intense  debate 
within  the  scientific  community. 
Despite  the  amount  of  research 
devoted  to  this  issue,  a definitive 
answer  has  not  yet  been  obtained. 

Methylphenidate  is  currently  avail- 
able in  several  different  pharmaceuti- 
cal formulations.There  is  an  immedi- 
ate-release form  (Ritalin)  that  only 
provides  3 to  4 hours  of  symptom 
relief  and  therefore  must  be  taken  at 
least  twice  each  day — early  in  the 
morning  and  then  again  at  lunchtime. 
For  children,  this  means  that  the  mid- 
day dose  must  be  administered  at 
school,  and  symptoms  may  reappear 
unless  a third  dose  is  taken  in  the  late 
afternoon  or  early  evening. These  dis- 
advantages led  to  the  development  of 
modified-release  formulations  that 
deliver  the  drug  over  longer  periods 
of  time.The  first  to  be  developed  was 
a sustained-release  version  of 
methylphenidate  (Ritalin  SR)  that  lasts 
for  6 to  8 hours  and  is  generally  taken 
only  in  the  morning.  Even  longer-act- 
ing, however,  are  the  newer  extended- 
release  formulations  like  Ritalin  LA 
and  Concerta  that  are  effective  for  the 
entire  day. 

We  saw  earlier  that  high  doses  of 
psychostimulants  are  behaviorally 
activating  in  both  animals  and 
humans.  Yet  low  doses  of  these  com- 
pounds can  reduce  locomotor  activity 
in  rodents  under  the  appropriate  con- 
ditions. A good  example  of  this  phe- 
nomenon was  shown  by  Kuczenski 
and  Segal  (2002),  who  observed  loco- 
motor suppression  in  adolescent  rats 
given  low  doses  of  methylphenidate 
orally  (see  figure).  When  adult  humans 
are  given  the  same  low  doses  of  psy- 
chostimulants used  in  the  treatment 
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Locomotor-suppressive  effects  of 
low-dose  methylphenidate  in  adoles- 
cent rats  Rats  were  maintained  under  a 
reverse  day-night  cycle  and  were  stud- 
ied during  the  dark  (active)  phase  of  the 
cycle.The  animals  were  given  oral  doses 
of  the  drug  (MP)  or  saline  vehicle  (SAL) 
three  successive  times  at  3-hour  intervals 
while  locomotor  activity  was  measured 
by  crossovers  between  quadrants  of  an 
activity-exploratory  compartment.The 
figure  depicts  the  total  activity  of  the 
control  and  two  drug-treated  groups 
over  the  entire  9-hour  test  period.  Note 
that  high  doses  of  methylphenidate  (5 
mg/kg  or  more)  cause  a stimulation  of 
locomotor  activity  rather  than  the  sup- 
pressive effect  observed  in  the  present 
study.  (After  Kuczenski  and  Segal,  2002.) 

of  ADHD,  the  typical  effects  are 
increased  arousal  and  hyperactivity. 
This  has  led  to  the  general  belief  that 
clinical  responses  of  sharpened  atten- 
tion (which  is  incompatible  with  a state 
of  overarousal)  and  reduced  activity 
following  psychostimulant  treatment 
represent  a "paradoxical"  reaction  on 
the  part  of  ADHD  children.  It  should 
be  mentioned,  however,  that  early 

(continued  on  next  page) 
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BOX  1 1 .2  (continued) 

work  by  Rapoport  and  her  colleagues 
found  decreased  activity  and 
enhanced  attention  in  both  normal 
and  hyperactive  boys  given  typical 
therapeutic  doses  of  amphetamine 
(Rapoport  et  al.#  1 978; Zahn  et  al., 

1 980). Thus  it  is  unclear  whether  the 
calming  effects  of  low-dose  psychos- 
timulants in  ADHD  children  are  para- 
doxical or  whether  they  represent 
the  typical  response  at  this  stage  of 
development. 

What  do  we  know  about  the  neu- 
rochemical basis  of  ADHD  and  the 
mechanisms  underlying  the  thera- 
peutic effectiveness  of  psychostimu- 
lant drugs?  Most  investigators  believe 
that  ADHD  is  related  to  a dysfunction 
in  the  dopaminergic  system.  Brain 
imaging  studies  have  found  that  stri- 
atal DAT  density  is  elevated  in  adult 
ADHD  patients  compared  with  nor- 
mal controls  (Dougherty  et  al.,  1 999; 
Dresel  et  al.,  2000;  Krause  et  al.,  2000). 
This  might  result  in  enhanced  DA 
clearance  from  the  synaptic  cleft  and 
therefore  abnormally  low  DA  avail- 
ability at  postsynaptic  DA  receptors. 
There  is  also  evidence  linking  ADHD 


in  children  with  a particular  form  of 
the  DA  transporter  gene.  Finally,  oral 
doses  of  methylphenidate  similar  to 
those  used  in  the  treatment  of  ADHD 
produce  a significant  blockade  of  the 
DA  transporter  and  a consequent  ele- 
vation of  extracellular  DA  levels 
(Volkow  et  al.,  1 998, 2001  b). These 
findings  support  an  involvement  of 
DA  in  the  therapeutic  actions  of 
methylphenidate  and  possibly  other 
psychostimulants. 

Despite  this  focus  on  DA,  there  is 
also  some  evidence  implicating  NE  in 
the  effects  of  ADHD  medications.  For 
example,  the  previously  mentioned 
study  of  Kuczenski  and  Segal  found 
that  locomotor-inhibiting  doses  of 
methylphenidate  in  rats  enhanced 
extracellular  NE  levels  without  affect- 
ing DA.  Moreover,  in  2002  the  FDA 
approved  the  use  of  atomoxetine 
(Strattera), a selective  NE  uptake 
inhibitor,  for  the  treatment  of  ADHD. 
Unlike  methylphenidate  or  ampheta- 
mine, atomoxetine  is  not  a psycho- 
stimulant and  does  not  have  abuse 
potential.  Future  studies  need  to 
determine  if  the  shared  effect  of  NE 


uptake  inhibition  underlies  the  thera- 
peutic effects  of  psychostimulants 
and  atomoxetine  or,  alternatively,  if 
these  drugs  alleviate  the  symptoms  of 
ADHD  by  differing  neurochemical 
actions  involving  the  dopaminergic 
versus  the  noradrenergic  system. 

Lastly,  it  is  important  to  note  that 
abuse  of  methylphenidate  is  rising  in 
the  United  States.  When  taken  orally 
at  standard  therapeutic  doses, 
methylphenidate  usually  does  not 
produce  feelings  of  euphoria,  due  to 
its  relatively  slow  uptake  from  the 
gastrointestinal  tract.  However,  a 
"high" can  occur  when  pills  are  crushed 
and  taken  either  intranasally  (snorted) 
or  by  IV  injection.  Indeed,  controlled 
laboratory  studies  have  shown  that 
the  euphoric  response  to  IV  methyl- 
phenidate is  similar  to  that  obtained 
from  IV  cocaine  (Wang  et  al.,  1 997). 
Both  methylphenidate  and  dextroam- 
phetamine, therefore,  have  significant 
abuse  potential.  Parents  of  medicated 
ADHD  children  need  to  be  vigilant  for 
signs  either  of  abuse  by  the  child  or 
distribution  of  the  medication  to  sib- 
lings for  recreational  use. 


documented  that  MDMA  exposure,  particularly  repeated 
exposure,  damages  serotonergic  pathways  in  the  brain  (Boot 
et  al.,  2000).  Although  the  5-HT-containing  cell  bodies  in  the 
raphe  nuclei  appear  to  be  unaffected,  the  evidence  indicates 
decreased  5-HT  levels  and  a pruning  of  serotonergic  axons 
and  terminals  in  various  forebrain  areas  such  as  the  cortex 
and  hippocampus.  By  “pruning,”  we  mean  that  some  of  the 
branches  of  these  fibers  have  been  lost,  presumably  yielding  a 
reduced  number  of  serotonergic  synapses  in  the  affected 
brain  areas.  Thus,  MDMA  initially  stimulates  serotonergic 
activity,  but  this  acute  stimulation  is  followed  by  diminished 
serotonergic  function.  The  damaged  serotonergic  fibers 
slowly  regrow,  but  such  regrowth  is  not  entirely  normal. 
Some  brain  areas  regain  their  usual  serotonergic  innervation, 
some  show  a long-lasting  deficit  in  the  density  of  serotoner- 
gic fibers  (Figure  1 1.19A-I),  and  a few  areas  actually  develop 
an  excessive  serotonergic  input  (Fischer  et  al.,  1995; 
Hatzidimitriou  et  al.,  1999).  The  behavioral  consequences  of 
this  abnormal  reinnervation  pattern  are  not  yet  known. 

Do  humans  suffer  from  the  same  losses  after  using 
MDMA?  Some  critics  have  pointed  out  that  serotonergic  neu- 


rotoxicity in  animals  occurs  at  significantly  higher  MDMA 
doses  than  those  generally  consumed  by  humans.  However, 
this  argument  does  not  take  into  account  species  differences 
in  drug  metabolism  and  sensitivity.  For  example,  rats  require 
much  higher  doses  of  many  psychoactive  drugs  (on  the  basis 
of  milligrams  per  kilogram  of  body  weight)  to  show  the  same 
pharmacological  effects  as  humans.  Apart  from  the  dosing 
issue,  there  is  mounting  evidence  for  MDMA-related  seroton- 
ergic neurotoxicity  in  heavy  users.  Most  of  this  evidence  is 
indirect,  because  thus  far  there  has  been  little  opportunity  to 
examine  the  brains  of  MDMA  users  postmortem.  Neverthe- 
less, various  studies  comparing  chronic  MDMA  users  to  con- 
trol subjects  have  shown  reduced  5-HIAA  (the  principal  5-HT 
metabolite)  levels  in  the  cerebrospinal  fluid,  a decreased  den- 
sity of  the  5-HT  transporter  (a  marker  for  serotonergic  fibers 
and  terminals)  using  brain  imaging  methods,  and  diminished 
hormonal  responses  to  pharmacological  challenge  of  the  sero- 
tonergic system  (Boot  et  al.,  2000;  Parrott,  2001;  also  see  Figure 
3.20).  Certain  reservations  can  be  raised  over  these  studies — 
MDMA  users  typically  take  other  illicit  drugs  as  well,  so  it  is 
possible  that  the  observed  effects  are  not  actually  due  to 
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Figure  11.19  Reduced  serotonergic  fiber  density  in  the 
neocortex  of  squirrel  monkeys  treated  with  MDMA 

Serotonergic  axons  were  stained  with  an  antibody  against  5-HT 
and  then  visualized  using  dark-field  microscopy  (this  makes  the 
background  appear  dark  and  the  stained  fibers  appear  light). 
The  panels  show  fiber  staining  in  tissue  sections  from  the 
frontal  cortex,  parietal  cortex,  and  primary  visual  cortex,  respec- 
tively, of  a control  monkey  that  had  received  only  saline  (A,  D, 
and  G),a  monkey  that  had  received  subcutaneous  injections  of 
5 mg/kg  MDMA  twice  daily  for  4 days  and  was  then  killed  2 
weeks  later  (B,  E,  and  H),  and  a monkey  that  had  received  the 
same  MDMA  treatment  but  was  killed  7 years  later  (C,  F,  and  I). 
MDMA  exposure  produced  a massive  reduction  of  5-HT- 
immunoreactive  fibers  in  all  three  cortical  areas  at  2 weeks 
post-treatment,  and  noticeable  deficits  were  still  apparent  even 
after  7 years  of  recovery.  (From  Hatzidimitriou  et  al.,  1 999.) 


MDMA;  effects  obtained  in  the  human  studies  are  usually  of 
smaller  magnitude  than  those  observed  in  animal  models;  and 
most  studies  have  investigated  very  heavy  users  with  a lifetime 
consumption  of  hundred  of  doses,  leaving  open  the  question 
of  whether  lighter  use  produces  the  same  effects.  Nevertheless, 
the  results  taken  together  strongly  suggest  that  (at  least  heavy) 
MDMA  use  does  lead  to  serotonergic  abnormalities  that  may 
be  indicative  of  actual  damage  to  the  nerve  fibers. 


Several  research  groups  in  both  the  United  States  and 
Europe  have  additionally  reported  an  association  between 
heavy  MDMA  use  and  cognitive  deficits  on  neuropsycholog- 
ical tests  (Parrott,  2001).  Decreased  performance  on  memo- 
ry tasks  is  a particularly  common  finding.  It  is  not  yet  clear 
whether  the  cognitive  effects  of  chronic  MDMA  exposure  are 
caused  by  serotonergic  damage.  However,  it  is  worth  noting 
that  two  of  the  brain  areas  heavily  affected  in  animals,  name- 
ly the  hippocampus  and  cortex,  play  key  roles  in  memory 
and  other  cognitive  functions.  There  is  currently  insufficient 
evidence  to  ascertain  whether  a few  doses  of  MDMA  are 
harmful  to  the  individual.  On  the  other  hand,  there  is  cer- 
tainly sufficient  reason  to  avoid  regular  use  of  this  or  related 
substances  (that  is,  MDA  or  MDE),  given  both  the  neuro- 
chemical and  neuropsychological  findings  presented  here. 


Section  Summary 

Amphetamine  and  methamphetamine  are  synthetic  psy- 
chomotor stimulants  that  are  closely  related  structurally  to 
two  similarly  acting  plant  compounds,  cathinone  and 
ephedrine.  Amphetamine  was  first  introduced  in  the  United 
States  in  1932  in  the  form  of  a nasal  inhaler.  People  soon 
realized  that  they  could  achieve  powerful  stimulatory  and 
euphoric  effects  by  consuming  the  drug  orally  or  by  inject- 
ing it.  The  incidence  of  amphetamine  use  and  abuse  grew 
until  a peak  was  attained  in  the  1970s.  Since  that  time,  the 
drug  has  been  largely  supplanted  by  cocaine,  except  for  a 
recent  upsurge  in  methamphetamine  use  in  certain  parts  of 
the  country.  Until  recently,  ephedra  was  contained  in  numer- 
ous dietary  supplements  used  for  energy  enhancement  and 
weight  loss,  but  this  substance  has  been  banned  by  the  FDA 
due  to  adverse  reactions. 

Amphetamine  is  typically  taken  orally  or  by  IV  or  subcu- 
taneous injection.  Crystalline  methamphetamine,  which  is 
more  potent  than  amphetamine,  can  also  be  taken  by  snort- 
ing or  smoking.  Some  amphetamine  or  methamphetamine 
users  take  the  drug  repeatedly  in  binges  called  speed  runs. 
Both  drugs  are  metabolized  slowly  by  the  liver,  thus  causing  a 
longer  duration  of  action  than  cocaine. 

Amphetamine  and  methamphetamine  are  indirect  cate- 
cholamine agonists.  They  stimulate  release  of  DA  and  NE 
from  nerve  terminals  and  block  the  reuptake  of  these  neuro- 
transmitters. At  high  doses,  there  is  also  an  inhibition  of  the 
catecholamine-degrading  enzyme  monoamine  oxidase.  Cen- 
tral DA  release  has  been  demonstrated  in  both  animals  and 
humans.  Amphetamine  and  methamphetamine  also  have 
sympathomimetic  effects  due  to  their  effects  on  NE  in  the 
sympathetic  nervous  system. 

Acute  administration  of  amphetamine  to  humans  leads 
to  a well-known  constellation  of  behavioral  reactions, 
including  increased  arousal,  reduced  fatigue,  and  feelings  of 
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exhilaration.  Sleep  is  delayed,  and  performance  of  simple, 
repetitive  tasks  is  improved.  Therapeutically,  amphetamine 
is  used  in  the  treatment  of  narcolepsy.  Both  amphetamine 
and  another  stimulant,  methylphenidate,  are  also  widely  pre- 
scribed for  children  suffering  from  attention-deficit/hyper- 
activity disorder  (ADHD).  At  relatively  low  doses,  these  stim- 
ulants produce  calming  and  attention-enhancing  effects  that 
differ  from  the  typical  responses  found  in  adults  taking  high- 
er drug  doses.  In  experimental  animals,  amphetamine  acts 
much  like  cocaine.  It  elicits  dose-dependent  stimulation  of 
locomotion  and  stereotyped  behaviors,  and  it  is  highly  rein- 
forcing in  self-administration  and  place  conditioning  para- 
digms. 

Heavy  use  of  amphetamine  or  methamphetamine  can 
lead  to  the  development  of  a psychotic  state  that  closely 
resembles  paranoid  schizophrenia.  Psychotic  reactions  may 
recur  as  flashbacks  even  after  the  user  has  been  abstinent 
from  the  drug  for  a prolonged  period.  There  is  also  substan- 
tial evidence  from  animal  studies  that  methamphetamine 
can  have  neurotoxic  effects  on  the  dopaminergic  and  sero- 
tonergic systems.  Recent  results  from  brain  imaging  studies 
suggest  that  DA  neurotoxicity  may  also  occur  in  humans, 
which  raises  the  possibility  of  increased  vulnerability  to 
Parkinson  s disease  as  the  affected  individuals  grow  older. 

MDMA  and  the  related  drugs  MDA  and  MDE  differ  in 
several  ways  from  amphetamine  and  methamphetamine. 
MDMA  has  been  called  an  entactogen  due  to  its  reported 
ability  to  increase  emotional  openness  and  empathy  in  a psy- 
chotherapeutic context.  This  compound  is  used  recreation- 


ally at  dances  called  raves,  where  it  causes  feelings  of  eupho- 
ria, heightened  sensory  awareness,  increased  energy, 
enhanced  well-being  and  self-confidence,  and  greater  socia- 
bility. Physiologically,  MDMA  leads  to  elevated  body  tem- 
perature and  fluid  loss,  which  can  be  potentially  dangerous 
at  a dance  or  other  situation  involving  physical  exertion. 
Neurochemically,  MDMA  acutely  stimulates  5-HT  release, 
inhibits  5-HT  reuptake,  and  also  has  some  DA-releasing 
effects.  In  experimental  animals,  repeated  MDMA  treatment 
leads  to  a depletion  in  5-HT  and  a pruning  of  serotonergic 
fibers  in  the  cortex  and  hippocampus.  Monkey  studies  have 
shown  long-lasting  serotonergic  deficits  following  MDMA 
exposure. 

Studies  of  human  MDMA  users  have  been  controversial 
due  to  issues  around  dose  levels,  subject  selection,  and  con- 
trol for  use  of  illicit  drugs  other  than  MDMA.  Nevertheless, 
the  findings  to  date  strongly  support  the  existence  of  sero- 
tonergic deficits  and  cognitive  (particularly  memory)  prob- 
lems in  heavy  MDMA  users.  Consequently,  it  is  prudent  to 
avoid  regular  use  of  MDMA  or  related  substances. 
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in  the  Journal  of  the  American  Medical  Association  in 
James  Faulkner  described  the  case  of  a florist  who  was 
severely  poisoned  by  an  insecticide  that  had  been  accidentally 
spilled  on  a chair  in  his  establishment.  Some  of  the  liquid  insecticide  appar- 
ently remained  on  the  seat  of  the  chair,  and  when  the  man  sat  down  on  it,  the 
solution  penetrated  through  his  pants  to  his  skin.  He  didn’t  seem  particularly 

troubled  by  this  exposure  until  15  minutes 
later,  when  he  was  suddenly  overcome  with 
nausea,  vomiting,  and  faintness.  He  started 
sweating  profusely  and  began  to  have  diffi- 
culty breathing.  An  ambulance  was  called, 
but  on  the  way  to  the  hospital  the  man  lost 
consciousness.  His  body  temperature  and 
blood  pressure  dropped,  and  his  pupils 
shrank  to  pinpoint  size.  Fortunately,  he 
seemed  to  be  largely  recovered  by  the  next 
day  and  was  released  from  the  hospital  a 
few  days  later.  However,  since  no  one  had 
connected  the  man’s  reactions  to  his  insec- 
ticide exposure,  he  was  given  the  same  con- 
taminated clothing  to  wear  back  home. 

This  resulted  in  a second  bout  of  illness  and 
rehospitalization.  When  Dr.  Faulkner  first 
saw  the  patient,  which  was  3 weeks  after  the 
initial  exposure,  there  were  still  residual 
symptoms  such  as  weakness,  excessive 
sweating,  nervousness,  and  insomnia. 
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A 1951  magazine  ad  for  a potent  nicotine-based  insecticide. 
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Certainly  no  one  hearing  of  this  case  would  voluntarily 
expose  himself  to  the  toxic  ingredient  found  in  this  insecti- 
cide. Yet  every  day  millions  of  men  and  women  around  the 
world  do  just  that,  because  the  toxic  ingredient  was  nicotine. 
In  the  last  chapter,  you  were  introduced  to  the  powerful 
stimulant  and  reinforcing  properties  of  cocaine,  ampheta- 
mine, and  methamphetamine.  Nevertheless,  use  of  these 
drugs  is  relatively  limited  because  they  are  illegal  except  for 
limited  medical  purposes.  Many  more  individuals  are  users 
of  the  legal  stimulants  nicotine  and  caffeine.  The  present 
chapter  is  concerned  with  the  properties  of  these  two  sub- 
stances, their  mechanisms  of  action,  and  their  potential  for 
abuse.  Along  the  way,  we  consider  the  toxic  properties  of 
nicotine  and  how  it  came  to  be  used  for  many  years  as  an 
insecticidal  agent. 

Nicotine 

Background  and  History 

Nicotine  is  an  alkaloid  found  in  tobacco  leaves  (Figure  12.1). 
There  are  two  major  species  of  tobacco  plant:  a large-leaf 
form  and  a small-leaf  form.  The  large-leaf  variety  ( Nicotiana 
tabacum ),  which  is  the  principal  source  of  modern-day 
tobacco,  originated  in  South  America,  where  it  was  domes- 
ticated by  native  peoples  more  than  5000  years  ago  (Figure 
12.2).  The  small-leaf  variety  ( Nicotiana  rustica ) is  native  to 
eastern  North  America  and  the  islands  of  the  West  Indies. 
Members  of  Columbus’s  expedition  to  the  New  World  in 
1492  were  the  first  Europeans  to  encounter  tobacco  use  when 
they  saw  indigenous  Americans  smoking  rolled-up  leaves  of 
Nicotiana  rustica.  A Spaniard  named  Oviedo  first  brought 
tobacco  leaves  (which  he  called  “tabaco”)  back  to  Europe  in 
1519,  and  seeds  were  later  transported  to  enable  cultivation 
of  the  plant.  An  early  proponent  was  Jean  Nicot  de  Villemain, 
the  French  ambassador  to  Portugal  who  was  instrumental  in 
introducing  tobacco  to  his  native  country  from  Portugal. 
Indeed,  the  botanical  name  of  the  more  popular  tobacco 
plant,  Nicotiana  tabacum , is  derived  from  both  Nicofs  sur- 
name and  the  previously  mentioned  term  tabaco. 

In  Britain,  tobacco  was  initially  scarce  and  thus  costly. 
Early  pipes,  called  “fairy  pipes”  in  England  and  “elfin  pipes” 
in  Scotland,  were  extremely  small  in  size  to  conserve  the 
dried  leaves.  But  the  popularity  of  smoking  grew  so  rapidly 


Figure  1 2.1  Chemical  structure  of  nicotine  and  the  prin- 
cipal metabolite  cotinine. 


Figure  1 2.2  Leaves  of  the  Nicotiana  tabacum  plant  from 
which  tobacco  is  derived. 

that  by  the  early  1600s,  it  is  estimated  that  there  were  thou- 
sands of  shops  in  London  alone  where  tobacco  could  be  pur- 
chased. At  first,  most  tobacco  use  took  place  through  pipe 
smoking,  cigar  smoking,  and  chewing,  but  this  was  later  sup- 
planted to  a large  extent  by  the  snorting  of  finely  powdered 
tobacco  leaves  (snuff). 

In  1610,  England  attempted  to  commercialize  tobacco 
growing  in  the  Virginia  colony  using  the  native  Nicotiana  rus- 
tica. However,  this  venture  failed  because  the  rustica  species 
had  a disagreeable  flavor  to  Europeans  compared  to  the  N. 
tabacum,  which  had  been  a Spanish  monopoly  up  to  that  time. 
Luckily  for  the  British,  John  Rolfe,  the  local  leader  of  this 
effort,  managed  to  obtain  some  N.  tabacum,  which  grew  just 
as  well  in  Virginia  as  it  had  for  thousands  of  years  in  South 
America.  Thus  was  the  American  tobacco  industry  born. 

Cigarettes  began  to  be  used  in  Europe  in  the  mid-nine- 
teenth century,  and  their  popularity  in  the  United  States 
exploded  over  the  next  30  years.  This  change  was  fostered  by 
two  separate  developments:  new  methods  of  curing  tobacco 
leaves  that  improved  their  flavor,  and  the  invention  of  the 
cigarette  machine.  When  cigarettes  were  rolled  manually,  a 
skilled  worker  could  make  about  2500  to  3000  cigarettes  per 
day,  which  may  seem  like  a large  number.  In  1884,  however,  a 
cigarette  machine  was  built  that  could  make  120,000  ciga- 
rettes in  one  day,  and  modern-day  machines  can  produce 
4000  to  8000  per  minute! 

Basic  Pharmacology  of  Nicotine  and  Its 
Relationship  to  Smoking 

When  nicotine  was  first  isolated  in  1828  by  Posselt  and 
Reimann,  it  was  found  to  constitute  about  5%  of  the  weight 
of  the  dry  tobacco  leaves.  However,  this  relatively  minor  frac- 
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tion  imbues  tobacco  with  many  physiological  and  psycho- 
logical effects  when  the  leaves  are  smoked,  chewed,  or  snort- 
ed and  the  nicotine  is  absorbed  into  the  human  bloodstream. 
Without  nicotine,  it  is  quite  likely  that  tobacco  would  be 
regarded  as  a useless  weed. 

The  typical  cigarette  contains  between  6 to  1 1 mg  of  nico- 
tine, although  no  more  than  1 to  3 mg  actually  reaches  the 
bloodstream  of  the  smoker.  The  amount  of  available  nico- 
tine depends  mainly  on  features  of  the  smoker’s  behavior 
such  as  the  number  of  puffs  and  the  length  of  each  puff. 
Nicotine  in  the  tobacco  is  vaporized  by  the  800°C  tempera- 
ture at  the  burning  tip  of  the  cigarette.  It  enters  the  smoker’s 
lungs  mainly  on  tiny  particles  called  tar,  a complex  mixture 
of  hydrocarbons  of  which  some  are  known  to  be  carcino- 
genic. Tar  is  an  important  contributor  to  the  taste  and  smell 
of  cigarette  smoke,  and  along  with  nicotine,  these  sensory 
qualities  contribute  significantly  to  the  reinforcing  effects  of 
smoking.  Once  the  smoke  has  been  inhaled,  the  nicotine 
readily  passes  through  the  absorbent  surface  of  the  lungs, 
whose  total  area  has  been  estimated  as  about  equal  to  the 
surface  of  a tennis  court.  Nicotine  is  absorbed  to  a lesser 
extent  through  the  membranes  of  the  mouth  and  nostrils 
when  tobacco  is  chewed  or  snorted  as  snuff. 

A typical  smoker  takes  about  10  total  puffs  on  a cigarette  at 
intervals  of  approximately  30  to  60  seconds.  Researchers  have 
shown  that  each  puff  delivers  a small  burst  of  nicotine  to  the 
brain.  If  the  person  smokes  IV2  packs  (30  cigarettes)  per  day, 
10  puffs  per  cigarette  yields  300  separate  “hits”  of  nicotine 
each  day.  The  nicotine  first  reaches  the  brain  in  about  7 sec- 
onds, which  is  approximately  twice  as  fast  as  when  the  drug 
is  administered  intravenously.  Thus  smoking  a cigarette  is  the 
quickest  and  most  efficient  method  of  delivering  nicotine  to 
the  brain,  where  the  drug  produces  its  reinforcing  effects  (see 
the  section  on  behavioral  and  physiological  effects  later  in  the 
chapter).  Reinforcement  of  a conditioned  response  is  gener- 
ally strongest  when  there  is  a short  time  interval  between  per- 
forming the  response  (e.g.,  pressing  a lever  for  food  or  smok- 
ing a cigarette  for  nicotine)  and  obtaining  the  reinforcer. 
Consequently,  the  rapid  transit  of  nicotine  to  the  brain  is 
thought  to  powerfully  reinforce  smoking  behavior.  Moreover, 
the  rapidly  repeated,  puff-by-puff  drug  delivery  that  occurs 
during  smoking  permits  the  user  unmatched  control  over 
both  the  pattern  of  intake  and  the  dose. 

Blood  levels  of  nicotine  following  smoking  were  initially 
measured  in  venous  blood,  which  is  the  easiest  and  safest  to 
obtain/  However,  the  brain  (as  well  as  any  other  organ)  is  actu- 
ally exposed  to  the  higher  levels  of  nicotine  present  in  arterial 
blood.  Consequently,  investigators  have  begun  to  measure  the 
amounts  of  nicotine  in  the  arterial  circulation  to  obtain  a better 
index  of  how  much  of  the  drug  is  reaching  the  brain.  Figure 


*When  blood  is  drawn  from  your  arm  for  standard  blood  tests,  it 
is  normally  taken  from  the  antecubital  vein  and  thus  represents 
venous  blood. 


Figure  1 2.3  Time  course  of  mean  plasma  concentrations 
of  nicotine  in  arterial  and  venous  blood  obtained  from  six 
male  smokers,  each  of  whom  smoked  his  usual  brand  of  ciga- 
rettes for  10  minutes.  Arterial  nicotine  concentrations  rose  more 
rapidly  and  reached  a greater  peak  than  the  concentrations 
found  in  venous  blood.  (After  Gourlay  and  Benowitz,  1 997.) 


12.3  illustrates  the  average  time  course  of  arterial  and  venous 
nicotine  concentrations  in  a group  of  six  subjects  who  each 
smoked  for  10  minutes  at  a rate  of  1 puff  per  minute.  Note  that 
arterial  nicotine  rises  more  rapidly  and  reaches  a much  greater 
peak  than  the  concentration  in  venous  blood.  Within  a few 
minutes,  however,  the  arterial  concentration  falls  to  the  same 
level  as  the  venous  concentration.  From  this  point  on,  there  is 
no  more  net  uptake  of  nicotine  from  the  bloodstream  into  tis- 
sues, at  least  until  the  next  cigarette  is  smoked. 

About  70  to  80%  of  nicotine  in  the  body  is  transformed  into 
the  principal  metabolite,  cotinine,  (see  Figure  12.1)  by  a spe- 
cific liver  enzyme  known  as  cytochrome  P450  2A6  (CYP2A6). 
Cotinine  and  other  nicotine  metabolites  such  as  nicotin e-N- 
oxide,  nornicotine,  and  norcotinine  are  excreted  mainly  in  the 
urine.  Due  to  genetic  variation,  some  individuals  have  low 
CYP2A6  activity  and  thus  reduced  nicotine  metabolism. 
Recent  studies  have  shown  that  these  individuals  are  less  likely 
to  become  smokers  and  that  if  they  are  tobacco-dependent, 
they  smoke  fewer  cigarettes  than  people  who  have  normal  lev- 
els of  CYP2A6  (Tyndale  and  Sellers,  2001).  Therefore,  it 
appears  that  slow  breakdown  of  nicotine  exerts  a somewhat 
protective  effect  against  cigarette  smoking.  Indeed,  a drug 
called  methoxsalen  has  been  developed  that  inhibits  liver  nico- 
tine metabolism,  and  this  compound  is  being  tested  for  its 
potential  usefulness  in  smoking  cessation  treatment  programs. 

Although  the  elimination  half-life  of  nicotine  varies 
among  individuals  (presumably  related  at  least  partially  to 
differences  in  the  level  of  CYP2A6),  it  is  typically  around  2 
hours.  This  requires  that  the  user  smoke  repeatedly  over  the 
day  to  avoid  withdrawal  symptoms  due  to  falling  blood  nico- 
tine levels.  Such  withdrawal  symptoms  are  discussed  later  in 
the  chapter.  Frequent  smoking  leads  to  ever  increasing  peak 
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levels  of  nicotine  across  the  day,  since  each  dose  builds  on  the 
residual  nicotine  left  over  from  that  days  previous  cigarettes. 
However,  this  does  not  cause  greater  and  greater  effects, 
because  of  tolerance  that  has  also  developed  over  the  same 
time  period.  Mild  nicotine  withdrawal  emerges  during  the 
overnight  period  while  the  smoker  is  sleeping,  yet  at  the  same 
time  the  nicotine  tolerance  built  up  over  the  previous  day 
partially  dissipates.  Because  of  these  two  processes,  the  indi- 
vidual awakens  the  next  morning  with  a strong  craving  for  a 
cigarette  but  also  may  experience  the  strongest  or  best 
response  that  she  will  have  all  day. 

Mechanisms  of  Action 

Nicotine  works  mainly  by  activating  nicotinic  cholinergic 
receptors  (nAChRs),  one  of  the  two  basic  subtypes  of  acetyl- 
choline (ACh)  receptor  (see  Chapter  6).  You  will  recall  that 
nAChRs  are  ionotropic  receptors  comprising  five  separate 
protein  subunits,  and  that  these  subunits  are  somewhat  dif- 
ferent when  we  compare  neuronal  nicotinic  receptors  to 
those  found  on  muscle  cells.  Although  the  makeup  of  brain 
nicotinic  receptors  is  complex,  we  can  provide  a few  general- 
izations. First,  these  receptors  contain  only  a-  and  (3-sub- 
units,  and  several  different  varieties  of  each  subunit  are  pres- 
ent in  the  brain.  Second,  despite  the  fact  that  all  of  these 
receptors  are  considered  nicotinic  because  of  their  basic 
structure  and  function,  some  of  them  bind  nicotine  with  a 
much  higher  affinity  than  others.  High-affinity  nAChRs  are 
found  in  many  parts  of  the  brain,  including  the  cerebral  cor- 
tex, thalamus,  striatum,  hippocampus,  and  monoamine-con- 
taining nuclei  such  as  the  substantia  nigra,  ventral  tegmen- 
tal area  (VTA),  locus  coeruleus,  and  the  raphe  nuclei. 
Peripherally,  such  receptors  are  found  in  the  ganglia  of  the 
autonomic  (parasympathetic  and  sympathetic)  nervous  sys- 
tem. Finally,  the  high-affinity  nAChRs  are  commonly 
thought  to  possess  two  a-  and  three  P-subunits,  and  within 
this  general  category  the  most  common  type  of  receptor  con- 
tains a mixture  of  a4-  and  P2-subunits  (Figure  12.4). 

When  nicotine  binds  to  a nicotinic  receptor,  it  opens  a 
channel  that  allows  sodium  (Na+)  ions  to  flow  into  the  cell 
across  the  plasma  membrane.  This  depolarizes  the  cell  mem- 
brane, leading  to  a fast  excitatory  response  by  the  cell.  Some 
nAChRs  also  allow  significant  amounts  of  calcium  (Ca2+)  to 
enter  the  cell,  thereby  stimulating  Ca2+-dependent  second- 
messenger  functions.  Also  note  that  some  nAChRs  are  locat- 
ed presynaptically,  that  is,  on  nerve  terminals.  At  this  loca- 
tion, the  receptors  function  by  enhancing  neurotransmitter 
release  from  the  terminal. 

High  doses  of  nicotine  lead  to  a persistent  activation  of 
nicotinic  receptors  and  a continuous  depolarization  of  the 
postsynaptic  cell.  As  we  saw  in  Chapter  6,  this  causes  a depo- 
larization block,  and  the  cell  cannot  fire  again  until  the  nico- 
tine is  removed.  In  this  way,  a high  dose  of  nicotine  exerts  a 


Figure  1 2.4  The  nicotinic  cholinergic  receptor  A top- 
down  view  of  the  proposed  structure  of  the  high-affinity  nico- 
tinic cholinergic  receptor  containing  a combination  of  a4-  and 
P2-subunits.The  five  subunits  form  a central  ion  channel  that 
opens  in  response  to  agonist  (for  example,  acetylcholine  or 
nicotine)  binding  at  the  two  sites  shown  on  the  diagram. 
(Adapted  from  Cordero-Erausquin  et  al.,  2000.) 


biphasic  effect  that  begins  with  stimulation  of  nicotinic 
cholinergic  functions  but  then  turns  to  a nicotinic  receptor 
blockade.  This  biphasic  action  accounts  for  the  features  of 
nicotine  poisoning  discussed  later. 

Section  Summary 

Nicotine  is  an  alkaloid  found  in  tobacco  leaves.  Tobacco 
plants  are  native  to  North  and  South  America,  and  these 
plants  were  domesticated  several  thousand  years  ago  by 
Native  Americans.  When  tobacco  was  first  brought  back  to 
Europe  from  the  New  World,  use  of  this  substance  was  pri- 
marily by  means  of  pipe  smoking,  cigar  smoking,  and  chew- 
ing. Snorting  finely  powdered  tobacco  leaves  (snuff)  later 
became  popular.  Cigarettes  were  first  introduced  in  the  mid- 
nineteenth century,  and  cigarette  smoking  subsequently 
increased  due  to  improved  methods  of  curing  the  tobacco 
leaves  as  well  as  the  advent  of  modern  cigarette  manufactur- 
ing machines. 

Although  a typical  cigarette  contains  6-11  mg  of  nicotine, 
only  about  1-3  mg  actually  reaches  the  smoker’s  blood- 
stream. Nicotine  is  vaporized  by  the  high  temperature  at  the 
tip  of  the  burning  cigarette  and  enters  the  smoker  s lungs  on 
tiny  particles  called  tar.  Once  in  the  lungs,  the  nicotine  is 
readily  absorbed  into  the  blood  and  quickly  reaches  the 
brain.  The  rapid  delivery  of  a small  burst  of  nicotine  to  the 
brain  following  each  puff  on  the  cigarette  is  believed  to  be  a 
powerful  reinforcer  of  smoking  behavior.  Arterial  rather  than 
venous  levels  of  nicotine  are  considered  to  be  the  best  indi- 
cator of  the  amount  of  nicotine  being  delivered  to  the  brain. 

Nicotine  is  metabolized  primarily  to  cotinine  by  the  liver 
enzyme  CYP2A6.  The  cotinine  and  other  nicotine  metabo- 
lites are  then  excreted  mainly  in  the  urine.  People  who 
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metabolize  nicotine  inefficiently  due  to  a genetically  deter- 
mined low  CYP2A6  activity  seem  to  be  less  vulnerable  to  cig- 
arette smoking  than  efficient  metabolizers.  The  elimination 
half-life  of  nicotine  is  typically  around  2 hours.  Nicotine 
clearance  from  the  body  is  an  important  reason  why  most 
smokers  smoke  throughout  the  day.  Tolerance  to  at  least 
some  of  nicotines  effects  occurs  during  this  period,  but  dur- 
ing sleep  this  tolerance  partially  dissipates  and  the  smokers 
awaken  in  a state  of  mild  withdrawal. 

The  principle  mechanism  of  nicotine  action  is  to  stimu- 
late nicotinic  cholinergic  receptors  in  the  brain  and  the  auto- 
nomic nervous  system.  In  particular,  there  are  high-affinity 
nAChRs  that  comprise  two  a-  and  three  P-subunits,  the 
most  common  of  which  contains  a mixture  of  a4-  and  p2- 
subunits.  The  opening  of  nAChR  channels  permits  Na+  to 
flow  across  the  cell  membrane,  thereby  causing  membrane 
depolarization  and  a fast  excitatory  response.  Certain 
nAChRs  also  permit  Ca2+  ions  to  enter  the  cell,  thereby  stim- 
ulating Ca2+-dependent  second-messenger  functions.  In 
some  brain  areas,  nAChRs  are  located  presynaptically  and 
function  to  enhance  neurotransmitter  release.  High  doses  of 
nicotine  can  cause  persistent  activation  of  nicotinic  recep- 
tors, leading  to  a temporary  depolarization  block  of  the  post- 
synaptic  cell. 


it  feelings  of  heightened  tension  or  arousal  along  with  light- 
headedness, dizziness,  and  even  nausea  (Kalman,  2002).  If 
you  either  smoke  now  or  have  ever  smoked  in  the  past,  you 
may  recall  having  experienced  some  of  these  same  effects 
when  you  tried  your  first  cigarette. 

Nicotine  enhances  cognitive  function 

We  saw  in  Chapter  6 that  ACh  plays  an  important  role  in  cer- 
tain aspects  of  cognitive  functioning.  Although  this  is  medi- 
ated in  large  part  by  the  muscarinic  cholinergic  receptors, 
nicotinic  receptors  could  also  be  involved.  Based  on  this 
hypothesis,  a number  of  studies  have  examined  the  effects  of 
nicotine  on  cognitive  function. 

Abstinent  smokers  given  nicotine  show  enhanced  per- 
formance on  many  kinds  of  cognitive  tasks,  particularly 
those  involving  attentional  demands  (Sherwood,  1993).  As 
in  the  case  of  mood  effects,  much  of  this  enhancement 
appears  to  be  due  to  alleviation  of  withdrawal-related 
deficits.  Yet  there  is  some  indication  that  nicotine  has  posi- 
tive effects  on  cognitive  performance  even  in  nonsmokers. 
One  example  is  shown  in  Figure  12.5,  where  nicotine  injec- 
tion decreased  reaction  times  of  both  smokers  and  non- 


Behavioral  and  Physiological  Effects 

Nicotine  elicits  different  mood  changes  in 
smokers  compared  to  nonsmokers 

If  one  wishes  to  determine  the  pharmacological  effects  of 
nicotine  itself,  separated  from  the  complex  behavioral 
aspects  of  smoking,  it  is  necessary  to  give  subjects  the  pure 
drug.  This  is  routinely  accomplished  through  the  use  of  nico- 
tine injections,  nicotine  patches,  or  nicotine-containing  gum. 
Nevertheless,  many  studies  still  suffer  from  a significant 
methodological  problem  due  to  the  use  of  current  smokers, 
who  are  required  to  refrain  from  smoking  for  a specified 
period  of  time,  typically  ranging  from  8 to  24  hours.  Because 
nicotine  abstinence  produces  withdrawal  symptoms  in 
dependent  individuals,  it  is  often  difficult  to  determine 
whether  nicotine-induced  changes  represent  true  differences 
from  “normal”  or  simply  reversal  of  withdrawal  symptoms. 
Fortunately,  researchers  have  more  recently  begun  to  study 
subjects  who  have  never  smoked,  thereby  permitting  us  to 
compare  the  findings  of  those  studies  with  the  results  from 
abstinent  smokers. 

With  respect  to  mood  states,  nicotine  is  usually  found  to 
increase  calmness  and  relaxation  in  abstinent  smokers.  This 
fits  well  with  numerous  self-reports  of  smokers  that  smok- 
ing a cigarette  has  a relaxing,  tension-reducing  effect.  How- 
ever, it  seems  likely  that  these  mood  changes  are  significant- 
ly related  to  relief  from  nicotine  withdrawal  symptoms, 
because  nicotine  administration  to  nonsmokers  tends  to  elic- 
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Figure  1 2.5  Nicotine-induced  reduction  of  reaction  time 
in  a rapid  visual  information  processing  task  The  subjects 
were  tested  using  a computer  screen  on  which  numerical  digits 
were  displayed  one  at  a time  at  a rate  of  1 00  per  minute  for  a 
total  of  1 0 minutes.  Each  subject  was  instructed  to  respond  as 
quickly  as  possible  when  he  or  she  detected  three  consecutive 
digits  that  were  all  either  even  or  odd.  Both  doses  of  nicotine 
improved  reaction  time  in  regular  smokers;  however,  only  the 
higher  dose  had  a similar  effect  in  subjects  who  had  never 
smoked.  (From  Foulds  et  al.,  1 996.) 
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Figure  1 2.6  Nicotine-induced  enhancement  of  working  memory  in  the 
radial  arm  maze  Rats  received  an  acute  injection  of  either  nicotine  (0.2  mg/kg) 
or  placebo  and  then  were  tested  for  their  performance  in  the  radial  arm  maze. 
The  nicotine-treated  animals  showed  better  working  memory  as  indicated  by  a 
greater  number  of  arm  entries  before  they  committed  their  first  error  (going  into 
a previously  entered  arm).  (After  Levin,  1 996.) 
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smokers  in  a task  requiring  sustained  visual  attention 
(Foulds  et  al.,  1996).  Cognitive  enhancement  by  nicotine  is 
also  indicated  by  the  drugs  effects  on  electroencephalogram 
(EEG)  activity.  In  both  smokers  and  non- 


normal) mice  showed  enhanced  retention  of  a one-trial  pas- 
sive avoidance  task  when  given  a low  dose  of  nicotine  imme- 
diately after  the  learning  trial.  However,  nicotine  had 
absolutely  no  effect  on  memory  in  the  (32  knockout  mice 
(Picciotto  et  al.,  1997;  Figure  12.7A  and  B).  Since  the  (32-sub- 
unit is  most  commonly  found  along  with  a4,  this  finding 
raises  the  possibility  that  a4(39  receptors  may  be  critical  for 
the  memory-enhancing  effects  of  nicotine. 
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smokers,  administration  of  nicotine  trans- 
dermally  (i.e.,  by  skin  patch)  produces  cor- 
tical EEG  changes  consistent  with  increased 
arousal  and  attention  (Griesar  et  al.,  2002; 
Knott  et  al.,  1999).  The  ability  of  nicotine  to 
improve  cognitive  function  has  led  to  con- 
siderable interest  in  the  possible  use  of  nico- 
tinic receptor  agonists  in  the  treatment  of 
Alzheimer’s  disease  (see  Chapter  6). 

Animal  studies  have  also  been  useful  in 
determining  the  cognitive  effects  of  nico- 
tine, since  such  studies  obviously  do  not 
suffer  from  the  problem  of  using  subjects 
who  are  smokers.  Rats  given  nicotine  show 
improvement  on  a variety  of  different  tasks, 
including  tasks  requiring  sustained  atten- 
tion as  well  as  working  memory.  This  is 
illustrated  in  Figure  12.6,  which  shows  the 
effect  of  acute  nicotine  administration  on 
working  memory  in  a radial  arm  maze/ 

To  study  the  involvement  of  particular 
nicotinic  receptor  subtypes  on  the  behav- 
ioral and  physiological  effects  of  nicotine, 
Marina  Picciotto  and  her  colleagues  pro- 
duced a mutant  mouse  strain  that  lacks  the 
(32-receptor  subunit.  Wild-type  (genetically 


* Working  memory  (formerly  called  short- 
term memory)  involves  information  specific 
to  the  current  trial  on  a task  that  is  necessary 
for  making  the  correct  response(s)  on  that 
trial.  In  a radial  arm  maze,  for  example,  work- 
ing memory  entails  the  retention  of  which 
arms  of  the  maze  have  already  been  entered 
during  the  current  trial. 
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Figure  12.7  Failure  of  nicotine 
to  increase  retention  of  a one- 
trial  passive  avoidance  task  in 
mutant  mice  lacking  the  nico- 
tinic receptor  (32-subunit 

(A)  Mice  were  given  one  trial  of  pas- 
sive avoidance  learning,  injected 
immediately  afterwards  with  either 
1 0 Mg/kg  nicotine  or  vehicle,  and 
then  tested  for  retention  of  the 
avoidance  response  24  hours  later. 

(B)  Compared  to  vehicle  treatment, 
nicotine  produced  increased  reten- 
tion in  the  wild-type  mice  as  indicat- 
ed by  greater  latency  to  enter  the 
dark  compartment.  No  such  effect 
was  observed  in  the  mutant  ((32-sub- 
unit knockout)  mice.  (From  Picciotto 
et  al.,  1997.) 
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Nicotine's  reinforcing  effects  are  mediated  by 
activation  of  the  mesolimbic  dopamine  system 

Within  a certain  dose  range,  cigarette  smokers  will  self- 
administer  pure  nicotine  by  intravenous  injection  (Harvey 
et  al.,  2004).  This  shows  that  nicotine  by  itself  is  reinforcing 
at  the  right  dose  (the  drug  is  actually  aversive  at  higher  doses 
due  to  various  side  effects).  On  the  other  hand,  it  is  clear  that 
the  reinforcement  provided  by  smoking  is  much  more  com- 
plex than  simply  the  delivery  of  nicotine  to  the  individual.  In 
a later  section,  we  will  discuss  the  relative  contributions  of 
nicotine  versus  other  aspects  of  smoking  in  the  reinforcing 
properties  of  this  behavior. 

Nicotine  self-administration  has  also  been  investigated  in 
laboratory  animals.  Although  nicotine  is  not  sought  after  as 
avidly  as  cocaine,  amphetamine,  or  opioid  drugs,  nicotine 
self-administration  has  been  demonstrated  in  rats,  mice, 
dogs,  and  primates.  Interestingly,  Levin  et  al.  (2003)  recently 
reported  that  female  rats  self-administered  significantly 
greater  amounts  of  nicotine  when  drug  exposure  began  dur- 
ing adolescence  compared  to  adulthood  (Figure  12.8).  When 
extrapolated  to  humans,  this  finding  suggests  that  adoles- 
cence may  represent  a particularly  vulnerable  period  for  the 
development  of  nicotine  (tobacco)  addiction. 

As  in  the  case  of  cocaine  and  amphetamine,  the  mesolim- 
bic dopamine  (DA)  pathway  from  the  VTA  to  the  nucleus 
accumbens  plays  a key  role  in  nicotine’s  reinforcing  effects. 
High-affinity  nicotinic  receptors  located  in  the  VTA  stimulate 
the  firing  of  dopaminergic  neurons,  which  causes  increased  DA 
release  in  the  nucleus  accumbens.  Nicotine-induced  activation 
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Figure  1 2.8  Increased  nicotine  self-administration  in 
rats  first  exposed  to  the  drug  during  adolescence  versus 
adulthood  Female  rats  were  trained  to  self-administer  nicotine 
intravenously  over  a 4-week  period,  beginning  either  at  54  days 
of  age  (late  adolescence)  or  at  84  days  of  age  (adulthood). The 
animals  in  which  training  was  begun  during  adolescence 
administered  more  infusions  (A)  and  more  nicotine  (B)  per  test 
session.  (After  Levin  et  al.,  2003.) 
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Figure  1 2.9  Activation  of  midbrain  dopamine  neuron  by 
tobacco  smoke  Rats  were  connected  to  an  artificial  respirator 
through  which  tobacco  smoke  (TS)  could  be  delivered.  Smoke 
containing  approximately  100  pg  of  nicotine  was  inhaled  sever- 
al times  for  2 minutes  during  each  trial  (shaded  area).  Firing 
rates  of  a representative  neuron  in  the  VTA  (A)  and  another  neu- 
ron in  the  substantia  nigra  (B)  are  shown  by  the  amplitude  of 
the  rate  histogram. Tobacco  smoke  caused  a substantial 
increase  in  VTA  neuronal  firing  that  returned  to  baseline  within 
a few  minutes.  A smaller  but  still  noticeable  effect  also  occurred 
for  cells  in  the  substantia  nigra.  Note  that  prior  intravenous  (IV) 
infusion  of  the  selective  nicotinic  receptor  antagonist  meca- 
mylamine (lower  right-hand  part  of  each  graph)  completely 
blocked  the  effects  of  tobacco  smoke  on  dopaminergic  neuron 
firing,  demonstrating  that  these  effects  are  mediated  by  nico- 
tinic cholinergic  receptors.  (From  Fa  et  al.,  2000.) 


of  DA  neurons  has  usually  been  investigated  using  injection  of 
the  drug;  however,  a group  of  Italian  researchers  recently  found 
the  same  phenomenon  when  rats  inhaled  cigarette  smoke  (Fa 
et  al.,  2000;  Figure  12.9).  The  importance  of  accumbens  DA  for 
nicotine  reinforcement  was  demonstrated  by  Corrigall  and  his 
coworkers  (1992),  who  showed  that  lesioning  the  dopaminer- 
gic innervation  of  this  area  with  6-hydroxydopamine  (6- 
OHDA)  significantly  attenuated  nicotine  self-administration. 
Several  subtypes  of  nicotinic  receptors  are  probably  involved 
in  the  activation  of  DA  neurons  and  the  elicitation  of  behav- 
ioral reinforcement.  Among  these  may  be  receptors  that  con- 
tain the  P2-subunit,  since  f$2  knockout  mice  show  little  self- 
administration of  nicotine  (Picciotto  et  al.,  1998). 

Nicotine  produces  a wide  range 
of  physiological  effects 

We  mentioned  earlier  that  nicotinic  receptors  are  abundant- 
ly expressed  in  autonomic  ganglia.  Consequently,  nicotine 
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can  activate  elements  of  both  the  sympathetic  and  parasym- 
pathetic systems  to  cause  a wide  spectrum  of  physiological 
manifestations.  For  example,  smoking  a cigarette  stimulates 
the  adrenal  glands  to  release  epinephrine  (adrenaline)  and 
norepinephrine  (noradrenaline).  These  hormones,  along 
with  direct  nicotine-induced  activation  of  sympathetic  gan- 
glia, \ead  to  symptoms  of  physiological  arousal  such  as  tachy- 
cardia (increased  heart  rate)  and  elevated  blood  pressure. 
This  mild  physiological  arousal  is  thought  to  contribute  to 
the  reinforcing  features  of  smoking.  On  the  other  hand,  the 
same  effects  could  increase  the  smoker  s risk  for  cardiovas- 
cular disease  and  cerebrovascular  accidents  (strokes),  partic- 
ularly if  the  smoker  has  high  blood  pressure  to  begin  with. 

The  action  of  nicotine  on  parasympathetic  ganglia 
increases  hydrochloric  acid  secretion  in  the  stomach,  which 
exacerbates  or  contributes  to  the  formation  of  stomach 
ulcers.  There  is  also  increased  muscle  contraction  in  the 
bowel,  which  sometimes  leads  to  chronic  diarrhea  that  is 
especially  harmful  to  individuals  vulnerable  to  colitis,  a 
chronic  irritability  of  the  colon.  Together,  these  autonomic 
nervous  system  effects  contribute  to  the  deleterious  conse- 
quences of  heavy  and  prolonged  use  of  tobacco  products  (see 
the  section  on  smoking-related  illness). 

One  consequence  that  many  cigarette  smokers  find  desir- 
able is  the  constraining  effect  of  nicotine  on  body  weight. 
Cigarette  smokers  weigh  an  average  of  8-10  pounds  less  than 
gender-  and  age-matched  nonsmokers,  and  quitting  smok- 
ing usually  results  in  weight  gain.  This  effect  of  nicotine  has 
been  attributed  to  an  increase  in  metabolic  rate  combined 
with  appetite  suppression.  Nevertheless,  no  one  would  rec- 
ommend smoking  for  weight  control  because  the  terrible 
health  consequences  of  smoking  far  outweigh  the  modest 
benefit  derived  from  losing  a little  weight. 

Nicotine  is  a toxic  substance  that  can 
be  fatal  at  high  closes 

Nicotine  is  quite  toxic;  as  little  as  60  mg  can  be  fatal  to  an 
adult.  If  you  do  the  math  based  on  the  nicotine  content  of  a 
typical  cigarette,  you  will  see  that  a single  pack  contains  sev- 
eral lethal  doses  of  the  drug.  Of  course,  cigarettes  are  only 
smoked  one  at  a time,  and  most  of  the  nicotine  is  not  taken 
in  due  to  burning  of  the  tobacco  and  loss  of  sidestream 
smoke  (smoke  not  inhaled  by  the  smoker).  Cases  of  nicotine 
poisoning  can  occur  through  accidental  swallowing  of  tobac- 
co (usually  by  children),  by  absorption  of  excessive  nicotine 
through  the  skin  when  field  workers  are  harvesting  wet 
tobacco  leaves,*  or  by  exposure  to  pure  nicotine  used  in  cer- 
tain insecticides,  as  described  in  the  opening  part  of  this 
chapter  (also  see  Box  12.1).  When  tobacco  is  swallowed,  the 


*This  is  sometimes  called  “green-tobacco  sickness”  by  harvesters. 


nicotine  is  less  toxic  than  would  be  expected  due  to  slow 
absorption  of  the  drug  from  the  stomach,  first-pass  metabo- 
lism in  the  liver,  and  possible  regurgitation  of  the  tobacco 
remaining  in  the  stomach  due  to  nicotine  activation  of  the 
chemical  trigger  zone  (vomiting  center)  in  the  medulla.  Con- 
sequently, most  cases  of  severe  nicotine  poisoning  have  been 
associated  with  nicotine-based  insecticides. 

The  symptoms  of  nicotine  poisoning  include  nausea, 
excessive  salivation,  abdominal  pain,  vomiting,  diarrhea,  cold 
sweat,  headache,  dizziness,  disturbed  hearing  and  vision, 
mental  confusion,  and  marked  weakness.  This  is  quickly  fol- 
lowed by  fainting  and  prostration;  falling  blood  pressure;  dif- 
ficulty in  breathing;  weakening  of  the  pulse,  which  becomes 
rapid  and  irregular;  and  collapse.  Left  untreated,  a fatal  dose 
ends  with  convulsions  followed  shortly  by  respiratory  failure 
due  to  depolarization  block  of  the  muscles  of  breathing.  The 
treatment  of  nicotine  poisoning  involves  inducing  vomiting 
if  the  poison  has  been  swallowed,  placing  adsorptive  char- 
coal in  the  stomach,  giving  artificial  respiration,  and  treating 
for  shock. 

Chronic  exposure  to  nicotine  induces 
tolerance  and  dependence 

Repeated  exposure  to  nicotine  leads  to  a complex  pattern  of 
tolerance  and,  in  some  instances,  sensitization.  It  is  useful  to 
distinguish  between  acute  and  chronic  nicotine  tolerance. 
For  example,  acute  tolerance  can  be  studied  by  pretreating 
subjects  (for  instance,  by  injection  or  by  nasal  spray)  with 
either  nicotine  or  vehicle  and  then  testing  their  responses  to  a 
subsequent  nicotine  challenge.  In  both  smokers  and  non- 
smokers,  many  behavioral  and  physiological  responses  are 
attenuated  by  nicotine  pretreatment,  indicating  the  occur- 
rence of  tolerance.  In  much  the  same  way,  cigarette  smokers 
undergo  a significant  degree  of  nicotine  tolerance  during  the 
course  of  the  day.  This  tolerance  may  be  related  to  the  fact 
that  daytime  nicotine  levels  in  the  bloodstream  of  regular 
smokers  are  sufficient  to  desensitize  (and  therefore  tem- 
porarily inactivate)  a high  proportion  of  the  nicotinic  recep- 
tors, including  the  ones  that  mediate  nicotine  reinforcement 
by  activating  DA  neurons  in  the  VTA  (Pidoplichko  et  al., 
1997).  Acute  tolerance  is  short-lived;  after  an  overnight  peri- 
od of  abstinence,  smokers  awake  the  next  morning  more  sen- 
sitive to  nicotine  than  at  the  end  of  the  previous  day.  This 
neurobiological  mechanism  helps  explain  why  smokers  often 
report  that  the  first  cigarette  of  the  day  is  the  most  pleasura- 
ble one. 

Long-term  exposure  to  nicotine  causes  chronic  tolerance. 
This  chronic  tolerance  is  superimposed  on  the  acute  within- 
a-day  tolerance,  and,  of  course,  it  is  only  present  in  smokers 
and  others  who  use  tobacco  frequently.  An  early  clue  to  the 
existence  of  chronic  nicotine  tolerance  was  the  observation 
that  green-tobacco  illness  occurred  much  more  frequently 
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BOX  12.1 


Pharmacology  in  Action 


Why  Do  Tobacco 
Plants  Make 
Nicotine? 

Growing  up,  we  all  learned  that  the 
dried  leaves  burned  in  cigarettes  and 
cigars  come  from  the  tobacco  plant 
and  that  people  smoke  this  material 
at  least  partly  because  they  obtain  a 
substance  from  it  called  nicotine.  As 
children  or  teenagers,  most  of  us  were 
more  interested  in  trying  out  this  for- 
bidden activity  called  smoking  than  in 
thinking  about  why  tobacco  plants 
make  nicotine  in  the  first  place.  Yet  if 
you  consider  it  a bit,  you  realize  that 
it's  quite  a legitimate  question.  Nico- 
tine production  certainly  didn't 
evolve  in  tobacco  plants  to  enable 
human  beings  to  manufacture  ciga- 
rettes, so  it  must  help  the  plant  in 
some  way.  However,  the  role  of  this 
substance  is  not  immediately  obvious. 
Unlike  chlorophyll,  nicotine  plays  no 
role  in  photosynthesis.  Nor  does  it 
help  the  tobacco  plant  in  pollination 
or  in  energy  storage. 

The  best  clue  as  to  the  biological 
function  of  nicotine  is  its  toxicity.  As 
mentioned  in  the  text,  nicotine  is  toxic 
not  only  to  vertebrates  but  also  to  a 
wide  range  of  insects.  When  insects 
absorb  nicotine  through  direct  con- 


tact, the  result  is  a paralysis  similar  to 
the  paralytic  effect  of  large  doses  of 
nicotine  in  humans.This  effect  of 
nicotine  has  been  known  for  well  over 
200  years  and  has  been  exploited  in  a 
variety  of  both  commercial  and 
homemade  insecticidal  agents.Two 
common  nicotine-based  insecticides 
in  the  United  States  were  Black  Leaf 
40,  which  was  a 40%  water-based 
solution  of  nicotine  sulfate  (see  chap- 
ter opening  image),  and  Nico-Fume 
Liquid,  which  was  a 40%  solution  of 
free  nicotine.These  potent  and  highly 
toxic  liquids  were  diluted  and  then 
sprayed  on  common  garden  plants, 
on  agricultural  cropland  even 
around  chicken  coops  to  control 
insect  pests.  Although  manufacture  of 
these  nicotine  concentrates  has  been 
discontinued,  one  can  still  obtain  a 
formulation  called  Nico  Soap  that 
contains  7.35%  nicotine  in  a surfac- 
tant (surface  tension-lowering)  soap 
that  helps  the  solution  cover  and  pen- 
etrate into  the  insect.  Chemical  com- 
panies have  also  developed  and  mar- 
keted a number  of  synthetic 
nicotine-like  insecticides  (called 
nicotinoids)  such  as  imidacloprid  and 
thiacloprid  that  are  generally  safer  to 
use  than  nicotine  itself. 

The  insecticidal  properties  of  pure 
nicotine  very  likely  represent  at  least 


one  purpose  it  serves  for  the  tobacco 
plant.  Nicotine  is  just  one  of  many  dif- 
ferent kinds  of  alkaloids  (nitrogen- 
containing  compounds)  made  by  vari- 
ous species  of  plants.These  alkaloids 
are  often  toxic  to  animals,  birds,  or 
insects  that  may  try  to  eat  the  plant. 
Botanists  believe  that  plants  evolved 
such  alkaloids  as  a defense  against 
being  eaten.  For  example,  cocaine, 
which  is  another  plant  alkaloid,  has 
been  shown  to  exert  a deterrent 
effect  on  insects.  Because  of  their 
chemical  reactivity,  some  of  these 
alkaloids,  such  as  nicotine,  cocaine,  or 
morphine,  happen  to  interact  with 
nerve  cells  and  thus  produce  psy- 
choactive and  even  addictive  effects. 

To  summarize,  nicotine  is  a plant 
alkaloid  that  is  highly  toxic  to  insects 
as  well  as  humans  and  animals.This 
toxicity  serves  as  a defense  against 
being  eaten  and  is  therefore  probably 
responsible  for  the  evolution  of  nico- 
tine production  by  tobacco  plants. 

The  insecticidal  properties  of  nicotine 
have  been  exploited  for  many  years 
by  farmers  and  gardeners,  but  caution 
must  be  used  because  of  the  dangers 
of  nicotine  poisoning.  Somewhat  safer 
synthetic  substances  called  nicoti- 
noids have  largely  replaced  nicotine 
for  purposes  of  insect  control. 


among  harvesters  who  didn’t  smoke  than  among  smokers 
(Gehlbach  et  al.,  1974).  Laboratory  studies  have  similarly 
found  that  many  effects  of  nicotine  administration  are  atten- 
uated in  smokers  compared  to  non-smokers.  For  example,  a 
study  by  Foulds  and  his  coworkers  (1997)  showed  that  sub- 
cutaneous injection  of  a high  dose  of  nicotine  elicited  an 
aversive  reaction  consisting  of  at  least  some  symptoms  of 
mild  nicotine  toxicity  (nausea,  dizziness,  sweating,  headache, 
palpitations,  stomachache,  or  clammy  hands)  in  nonsmok- 
ers, but  no  such  reaction  in  smokers  (Figure  12.10).  This  not 
only  demonstrates  the  presence  of  chronic  nicotine  tolerance 
in  smokers,  but  it  also  raises  the  possibility  that  tolerance  to 
these  aversive  effects  must  occur  before  individuals  can  fully 
experience  nicotine’s  reinforcing  effects. 


Studies  of  nicotine  responses  in  rats  and  mice  have  found 
evidence  for  both  tolerance  and  sensitization.  For  example, 
rats  given  a single  high  dose  of  nicotine  typically  show  an  ini- 
tial decrease  in  locomotor  activity  compared  to  saline  treat- 
ment. However,  when  the  animals  are  given  daily  nicotine 
injections,  the  locomotor  suppression  is  gradually  eliminated 
and  replaced  by  locomotor  activation  (Domino,  2001).  This 
pattern  is  sometimes  considered  to  reflect  a combination  of 
tolerance  to  nicotine’s  locomotor  suppressant  effect  and  sen- 
sitization to  the  drug’s  activating  effect. 

Nicotine  dependence  in  smokers  is  discussed  later  in  the 
chapter.  However,  laboratory  animals  such  as  rats  can  also  be 
made  dependent  on  nicotine  by  giving  them  continuous 
exposure  to  the  drug.  This  is  usually  accomplished  by 
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Figure  1 2.1 0 Adverse  effects  of  nicotine  in  subjects  who 
never  smoked  compared  to  smokers  Subjects  rated  the  fol- 
lowing symptoms  that  have  been  associated  with  adverse  nico- 
tine reactions:  cold  hands,  dizziness,  headache,  nausea  and 
upset  stomach,  palpitations,  and  sweating.  Overall  symptom  rat- 
ings were  obtained  prior  to  nicotine  administration  (preinjec- 
tion) and  then  15  minutes  after  receiving  a subcutaneous  injec- 
tion of  either  placebo,  0.3  mg  of  nicotine,  or  0.6  mg  of  nicotine. 
Although  smokers  showed  no  significant  increase  in  symptoms 
in  response  to  either  dose  of  nicotine,  subjects  who  had  never 
smoked  exhibited  a substantial  adverse  reaction  to  the  higher 
dose.  (After  Foulds  et  al.,  1 997.) 


implanting  a small  device  known  as  an  osmotic  minipump 
under  the  skin  of  the  animal.  The  minipump  is  filled  with  a 
nicotine  solution  and  slowly  infuses  the  solution  subcuta- 
neously at  a constant  rate  for  a set  period  of  time  such  as  1 or 
2 weeks.  Some  withdrawal  symptoms  (abstinence  syndrome) 
can  be  observed  when  the  nicotine  clears  the  animals  system 
when  the  pump  either  runs  out  of  solution  or  is  removed  by 
the  experimenter.  However,  a stronger  reaction  can  be  trig- 
gered by  administering  a nicotinic  receptor  antagonist  such 
as  mecamylamine,  thereby  blocking  the  action  of  any  resid- 
ual nicotine  still  present  in  the  animal.  In  rats,  typical  nico- 
tine withdrawal  symptoms  include  gasps,  shakes  or  tremors, 
teeth  chatter,  ptosis  (drooping  eyelids),  reduced  locomotor 
activity,  and  increased  startle  reactivity  (Helton  et  al.,  1993; 
Hildebrand  et  al.,  1997).  Brain  reward  function  (as  indicated 
by  the  threshold  for  intracranial  electrical  self-stimulation) 
is  also  significantly  reduced  during  nicotine  withdrawal 
(Epping- Jordan  et  al.,  1998),  an  effect  seen  during  with- 
drawal from  other  abused  drugs  as  well.  A decreased  ability 
to  experience  rewarding  stimuli  might  also  be  present  dur- 
ing tobacco  withdrawal  in  smokers  and  might  contribute  to 
the  well-known  difficulty  in  stopping  smoking. 


Current  evidence  suggests  that  the  nicotine  abstinence 
syndrome  is  mediated  by  a combination  of  central  (that  is, 
within  the  brain)  and  peripheral  (outside  of  the  brain)  nico- 
tinic receptors  (Hildebrand  et  al.,  1997).  The  peripheral 
receptors  might  be  those  located  within  autonomic  ganglia, 
whereas  the  central  component  of  nicotine  withdrawal  may 
involve  receptors  in  the  VTA.  Recall  that  when  these  VTA 
nicotinic  receptors  are  activated,  they  stimulate  DA  cell  fir- 
ing and  DA  release  in  the  nucleus  accumbens.  Recent  stud- 
ies found  that  when  rats  are  subjected  to  mecamylamine- 
precipitated  nicotine  withdrawal,  accumbens  DA  release 
actually  falls  to  a level  below  normal  (Hildebrand  et  al., 
1998).  Furthermore,  injections  of  mecamylamine  directly 
into  the  VTA  of  nicotine-dependent  rats  produces  both 
reduced  DA  release  in  the  accumbens  and  withdrawal  symp- 
toms (Hildebrand  et  al.,  1999).  Thus  it  appears  that  nicotinic 
receptors  in  the  VTA  play  a significant  role  in  nicotine  with- 
drawal and  that  this  role  at  least  partially  involves  changes  in 
accumbens  DA  release. 


Section  Summary 

The  mood-altering  effects  of  nicotine  depend  on  whether  the 
subject  is  an  abstinent  smoker  or  a nonsmoker.  In  temporar- 
ily abstinent  smokers,  administration  of  pure  nicotine  usu- 
ally increases  calmness  and  relaxation.  This  effect  is  likely  due 
to  relief  from  nicotine  withdrawal  symptoms,  because  nico- 
tine given  to  nonsmokers  more  often  elicits  feelings  of  ten- 
sion, arousal,  lightheadedness  or  dizziness,  and  sometimes 
nausea.  Administration  of  nicotine  to  abstinent  smokers  also 
leads  to  enhanced  performance  on  various  cognitive  tasks, 
particularly  those  involving  attentional  demands.  In  this 
case,  however,  some  nicotine-related  functional  enhance- 
ment has  also  been  reported  for  nonsmokers.  Thus  nicotine 
may  produce  certain  positive  effects  in  addition  to  its  ability 
to  alleviate  withdrawal- related  deficits. 

Animal  studies  have  found  that  nicotine  improves  per- 
formance on  tasks  requiring  sustained  attention  and  work- 
ing memory.  The  memory- enhancing  effects  of  nicotine  may 
depend  on  high-affinity  oc4(32  nicotinic  receptors,  as  nicotine 
has  no  influence  on  retention  of  a one-trial  passive  avoidance 
task  in  knockout  mice  lacking  the  (32-subunit  of  the  nicotinic 
receptor. 

Within  a certain  dose  range,  pure  nicotine  is  reinforcing 
to  both  humans  and  experimental  animals.  However,  nico- 
tine self-administration  is  blunted  in  mice  lacking  the  (32- 
subunit  of  the  nicotinic  receptor,  again  pointing  to  the 
importance  of  receptor  complexes  bearing  this  subunit.  The 
reinforcing  properties  of  nicotine  are  believed  to  involve  acti- 
vation of  high-affinity  receptors  located  in  the  VTA  that 
stimulate  the  firing  of  DA  neurons  and  increase  DA  release 
in  the  nucleus  accumbens.  Indeed,  the  mesolimbic  DA  path- 
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way  from  the  VTA  to  the  nucleus  accumbens 
seems  to  be  necessary  for  nicotine’s  reinforc- 
ing effects. 

Nicotine  additionally  produces  a variety  of 
peripheral  physiological  effects.  These  include 
release  of  epinephrine  and  norepinephrine 
from  the  adrenal  glands,  tachycardia,  and  ele- 
vated blood  pressure,  all  of  which  contribute 
to  the  arousing  effects  of  the  drug.  Nicotine 
also  increases  hydrochloric  acid  secretion  in 
the  stomach  and  muscle  contraction  in  the 
bowel,  both  of  which  cp  adversely  affect  the 
gastrointestinal  tract.  Finally,  nicotine  modest- 
ly increases  metabolic  rate  and  suppresses 
appetite,  which  accounts  for  why  smokers  typ- 
ically gain  weight  after  quitting. 

Nicotine  is  a toxic  substance  that  can  cause 
dangerous  symptoms  such  as  nausea,  saliva- 
tion, abdominal  pain,  vomiting  and  diarrhea, 
confusion,  and  weakness.  If  a sufficient  dose 
has  been  ingested,  death  may  occur  from  res- 
piratory failure.  Treatment  involves  an  attempt 
to  remove  the  nicotine  from  the  victim’s  stomach  (if  the 
nicotine  has  been  swallowed),  administration  of  artificial  res- 
piration, and  dealing  with  drug-induced  shock. 

Repeated  exposure  to  nicotine  can  lead  to  tolerance  and, 
in  some  cases,  sensitization.  Single  doses  of  nicotine  cause  a 
rapid  but  transient  form  of  acute  tolerance.  Long-term  nico- 
tine exposure  is  associated  with  chronic  tolerance.  Conse- 
quently, smokers  do  not  exhibit  the  adverse  reactions  to  high 
doses  of  nicotine  that  are  observed  in  nonsmokers.  In  ani- 
mals given  repeated  nicotine  injections,  there  develops  a tol- 
erance to  the  drug’s  locomotor  suppressant  effect  accompa- 
nied by  an  emerging  locomotor  activation  that  is  interpreted 
as  sensitization. 

When  rats  are  made  dependent  on  nicotine  by  giving 
them  continuous  exposure  to  the  drug,  withdrawal  symp- 
toms can  be  observed  if  the  dependent  animals  are  adminis- 
tered a nicotinic  receptor  antagonist  such  as  mecamylamine. 
Both  peripheral  and  central  nicotinic  receptors  are  thought 
to  be  involved  in  this  abstinence  syndrome,  with  at  least  part 
of  the  central  component  located  in  the  VTA.  DA  release  in 
the  nucleus  accumbens  is  inhibited  during  mecamylamine- 
precipitated  nicotine  withdrawal,  and  withdrawal  symptoms 
can  be  elicited  by  injecting  mecamylamine  directly  into  the 
VTA  of  nicotine-dependent  rats. 


Cigarette  Smoking 

How  many  people  smoke,  and  who  are  they? 

The  amount  of  cigarette  smoking  in  the  United  States  has 
varied  tremendously  over  the  past  100  years.  As  illustrated  in 


Figure  1 2.1 1 Yearly  per  capita  cigarette  consumption  in  the  United 
States  from  1 900  to  1 998  for  individuals  1 8 years  of  age  or  older.  (After  Smith 
and  Fiore,  1 999.) 


Figure  12.11,  yearly  per  capita  cigarette  consumption  was 
quite  low  at  the  beginning  of  the  twentieth  century  but  then 
rose  steeply  until  the  mid-1950s.  There  was  a brief  dip  in  cig- 
arette consumption  following  publication  of  the  first  studies 
linking  smoking  with  lung  cancer,  but  consumption  rose 
again  with  the  marketing  of  filtered  cigarettes.  The  decline  in 
cigarette  consumption  since  the  1960s  coincides  with  the 
Surgeon  General’s  reports  on  the  health  consequences  of 
smoking,  the  appearance  of  antismoking  ads,  large  increases 
in  cigarette  taxes,  and  general  disapproval  of  smoking  in 
many  parts  of  society. 

Despite  the  trend  shown  in  the  previous  figure,  a large 
number  of  people  in  this  country  continue  to  smoke.  The 
2002  National  Survey  on  Drug  Use  and  Health  found  that 
more  than  70  million  Americans  were  current  tobacco  users 
at  that  time  (Substance  Abuse  and  Mental  Health  Services 
Administration,  2003).  This  figure  corresponds  to  approxi- 
mately 30%  of  the  population  age  12  years  or  older.  Of 
course,  the  majority  of  these  are  cigarette  smokers.  Tobacco 
use  varies  significantly  by  age,  with  the  highest  incidence  in 
the  18-to-25-year  age  range  (Figure  12.12).  Other  differen- 
tiating factors  are  gender,  ethnicity,  and  educational  attain- 
ment. Males  are  generally  more  likely  to  smoke  than 
females,  although  it  can  be  seen  from  the  figure  that  this 
gender  difference  is  not  present  within  the  12-to- 17-year  age 
group.  Across  different  ethnic  groups,  the  highest  rate  of 
smoking  occurs  in  Native  Americans,  followed  by  whites, 
Hispanics  and  African  Americans,  and  then  Asians.  Finally, 
the  prevalence  of  cigarette  smoking  is  inversely  related  to 
level  of  education.  For  individuals  18  years  or  older,  about 
14%  of  college  graduates  are  smokers,  compared  to  32%  of 
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Figure  12.12  Percentage  of  subjects  reporting  current 
(in  the  past  month)  tobacco  use  according  to  age  and  gen- 
der. (After  Substance  Abuse  and  Mental  Health  Services  Admin- 
istration, 2003.) 


high  school  graduates  and  35%  of  people  without  a high 
school  diploma. 

In  addition  to  the  gender  difference  in  smoking  preva- 
lence, there  is  emerging  evidence  that  women  tend  to  differ 
from  men  in  the  characteristics  of  their  smoking  behavior 
and  in  the  determinants  of  smoking.  Women  typically  smoke 
fewer  cigarettes  per  day  than  men,  they  may  prefer  cigarettes 
with  less  nicotine,  and  they  generally  don’t  inhale  as  deeply. 
Some  studies  have  also  found  that  women  are  more  influ- 
enced than  men  by  the  nonnicotine  aspects  of  smoking  (for 
example,  sensory  or  social  factors)  compared  to  reinforce- 
ment from  nicotine,  and  women  find  it  more  difficult  to  quit 
smoking,  even  when  given  nicotine  replacement  therapy 
(Perkins  et  al.,  1999).  We  don’t  yet  understand  the  reasons 
for  these  significant  gender  differences. 


Cigarette  smokers  progress  through  a series  of 
stages  in  their  smoking  behavior 

Most  smokers  pick  up  the  habit  during  adolescence.  Looked 
at  another  way,  early  smoking  greatly  increases  the  chances 
that  one  will  smoke  as  an  adult.  For  this  reason,  teenage 
smoking  has  received  a lot  of  attention  from  researchers  as 
well  as  from  policy  makers  interested  in  reducing  the  preva- 
lence of  this  behavior  in  our  society.  There  are  many  theo- 
ries about  why  teenagers  take  up  smoking.  Some  of  the 
hypothesized  reasons  include  establishing  feelings  of  inde- 
pendence and  maturity  (by  defying  parental  wishes  or  socie- 
tal norms),  improving  self-image  and  enhancing  social 
acceptance  (assuming  that  one’s  friends  are  already  smok- 
ers), counteracting  stress  and/or  boredom,  and  simple 
curiosity.  Moreover,  young  people  tend  to  emphasize  the 
positive  elements  of  smoking  while  disregarding  or  denying 
the  negative  aspects,  including  the  health  consequences. 

Most  investigators  agree  that  smokers  pass  through  sev- 
eral different  stages  on  their  way  to  eventual  nicotine 
dependence.  Kathryn  Mayhew  and  her  colleagues  have  pro- 
posed a sequence  of  stages  that  is  summarized  in  Table  12.1 
(Mayhew  et  al,  2000).  Just  as  we  saw  in  Chapter  8 for  drug 
addiction  generally,  there  can  be  movement  in  both  direc- 
tions along  the  continuum  from  occasional  to  regular  smok- 
ing. However,  unless  an  individual  is  actively  attempting  to 
quit,  stage  changes  are  usually  toward  heavier  cigarette  use. 


Why  do  smokers  smoke? 

Smoking  and  stress  Smokers  routinely  report  that  smok- 
ing causes  relaxation,  alleviation  of  stress,  and  increased  abil- 
ity to  concentrate.  Consequently,  some  researchers  have 
hypothesized  that  smoking  (presumably  through  the  deliv- 
ery of  nicotine)  provides  two  specific  advantages  to  the 
smoker:  greater  mood  control  (specifically  with  respect  to 
stress  reduction)  and  enhancement  of  concentration.  This 
has  been  termed  the  nicotine  resource  model.  An  alterna- 
tive model,  sometimes  called  the  deprivation  reversal 


TABLE  1 2.1  Stages  in  the  Development  of  a Smoking  Habit 

Stage 

Definition 

la.  Nonsmoking — precontemplation 

lb.  Nonsmoking — contemplation  or  preparation 

2.  Initiation  or  tried 

3.  Experimentation 

4.  Regular  smoker 

5.  Established  smoker 

Nonsmoker  and  doesn’t  intend  to  start  smoking 
Nonsmoker  but  is  thinking  about  starting 
Has  smoked  a few  cigarettes  only 

Smokes  occasionally/experimentally;  not  yet  committed  to  smoking 

Smokes  on  a regular  basis  (for  example,  on  weekends  or  at  parties), 
but  not  too  frequently  and  not  daily 

Smokes  daily  or  almost  daily,  sometimes  heavily;  nicotine-dependent 

Source : Adapted  from  Mayhew  et  al.,  2000. 
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model,  suggests  that  the  positive  effects  of 
smoking  actually  represent  the  alleviation 
of  irritability,  stress,  and  poor  concentra- 
tion experienced  by  smokers  between  ciga- 
rettes. This  model,  therefore,  proposes  that 
having  a smoking  habit  increases  overall 
stress,  which  then  must  be  countered  by 
repeated  smoking. 

Researchers  have  debated  these  two  ideas 
for  many  years  and  there  are  still  propo- 
nents of  both.  However,  recent  studies  by 
the  British  psychologist  Andrew  Parrott 
argue  strongly  for  the  idea  of  deprivation 
reversal  (Parrott,  1999;  Parrott  and  Kaye, 
1999).  It  seems  that  the  “relaxing”  effect  of 
smoking  merely  brings  the  smoker  to  the 
same  state  as  a typical  nonsmoker,  rather 
than  producing  a higher  level  of  relaxation. 
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Figure  1 2.1 3 Time  course  of  tobacco  withdrawal  symptoms  and  the 
effects  of  nicotine  replacement  therapy  Regular  smokers  who  wanted  to  quit 
smoking  were  randomly  assigned  to  either  a nicotine  gum  or  placebo  gum  group. 
Symptom  ratings  were  obtained  before  the  beginning  of  treatment  (baseline,  BL) 
and  then  again  1 and  4 weeks  later.The  figure  illustrates  data  for  those  subjects 
who  were  abstinent  at  the  4-week  test  point  compared  to  those  who  failed  to  quit 
during  the  study.  (After  Hughes  et  al.,  1991.) 


The  role  of  nicotine  in  smoking  Delivery 
of  nicotine  is  obviously  one  of  the  key  factors 
in  smoking.  As  mentioned  earlier,  nicotine  is 
intravenously  self-administered  by  animals 
as  well  as  by  humans  under  the  appropriate 
conditions.  Other  evidence  for  an  involve- 
ment of  nicotine  comes  from  smoking 
behavior  itself.  Cigarettes  devoid  of  nicotine 
(for  example,  lettuce-based  cigarettes)  have 
never  been  commercially  successful.  Further- 
more, it  is  well  established  that  smoking 
intensity  is  increased  when  smokers  of  regu- 
lar cigarettes  switch  to  a brand  that  is  low  in 
nicotine  and  tar.  This  change  in  smoking 
behavior  increases  nicotine  yields  well 
beyond  those  specified  by  the  Federal  Trade 
Commission  (FTC),  which  are  based  on 
standardized  smoking  by  a machine. 

Finally,  withdrawal  from  regular  tobac- 
co use  leads  to  significant  abstinence  symp- 
toms that  are  thought  to  result  primarily 
from  removal  of  nicotine  from  the  person’s  system.  For 
habitual  smokers  who  meet  the  criteria  for  nicotine  depend- 
ence, even  a brief  abstinence  of  a few  hours  leads  to  craving 
and  a growing  urge  to  smoke.  These  feelings  correlate  with  a 
drop  in  nicotine  levels  in  the  individual’s  bloodstream.  The 
much  longer  abstinence  that  occurs  when  people  try  to  quit 
smoking  leads  to  a more  complex  abstinence  syndrome  char- 
acterized not  only  by  tobacco  craving  but  also  by  irritability, 
impatience,  restlessness,  anxiety,  insomnia,  difficulty  con- 
centrating, and  hunger  and  weight  gain.  Figure  12.13  pres- 
ents the  results  from  one  study  that  examined  the  time 
course  of  withdrawal  symptoms  as  well  as  the  ability  of  nico- 
tine gum  to  prevent  such  symptoms  (Hughes  et  al.,  1991). 


We  can  see  that  the  abstinence  syndrome  was  still  present  at 
1 week  postcessation,  but  except  for  hunger  and  weight  gain, 
the  average  levels  of  most  symptoms  were  at  or  near  baseline 
at  4 weeks.  These  group  data  suggest  that  the  abstinence  syn- 
drome from  tobacco  is  relatively  short-lasting.  Nevertheless, 
the  investigators  found  that  about  20  to  25%  of  the  subjects 
still  reported  significant  symptoms  at  the  4-week  time  point. 
Nicotine  gum  clearly  prevented  almost  all  of  the  withdrawal 
symptoms  except  for  hunger  and  weight  gain,  supporting  the 
conclusion  that  most  of  these  symptoms  are  due  to  nicotine 
dependence.  Not  shown  in  this  figure,  however,  is  the  fact 
that  even  with  the  nicotine  gum,  more  than  two -thirds  of  the 
subjects  were  back  smoking  at  a 6-month  follow-up  test 
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Figure  12.14  Whole-body  PET  scans  illustrating  reduced  MAO-B 
activity  in  various  organs  of  a smoker  compared  to  a nonsmoker.  (From 
Fowler  etal.;  2003b.) 


despite  lacking  the  typical  withdrawal  symp- 
toms. These  and  other  experimental  results  indi- 
cate that  the  nicotine  abstinence  syndrome  is 
not  the  only  reason  that  most  regular  smokers 
find  it  so  difficult  to  quit  their  habit. 

Most  people  who  smoke  regularly  (daily  or 
nearly  daily)  become  dependent  on  nicotine. 

However,  there  is  a small  percentage  of  long- 
term smokers  who  smoke  regularly  but  smoke 
only  a few  cigarettes  each  day  and  do  not  become 
dependent.  In  one  recent  study,  the  nondepen- 
dent smokers  had  smoked  an  average  of  just  3.4 
cigarettes  per  day  for  an  average  of  about  14 
years  (Perkins  et  al.,  2001).  Such  individuals  are 
called  chippers,  a term  first  used  by  Zinberg  and 
Jacobson  (1976)  to  describe  a similar  phenome- 
non in  opiate  users.  Interestingly,  chippers  devel- 
op tolerance  to  nicotine  despite  their  limited 
exposure  (Perkins  et  al.,  2001).  The  finding  that 
nicotine  dependence  and  tolerance  can  be  sepa- 
rated from  each  together  suggests  that  they  are 
produced  by  different  physiological  processes.  It 
would  be  very  useful  to  understand  why  some 
individuals  can  avoid  nicotine  dependence  and 
maintain  low  levels  of  smoking,  but  unfortunately  we  don’t 
yet  know  what  characteristics  differentiate  chippers  from 
more  typical  smokers. 

The  role  of  other  factors  in  smoking  Even  though  most 
of  us  think  “nicotine”  when  we  think  about  smoking,  it  can- 
not be  the  only  factor  responsible  for  maintaining  this 
behavior.  Indeed,  we  discussed  earlier  that  the  nicotinic 
receptors  responsible  for  stimulating  DA  release  in  the  nucle- 
us accumbens  are  probably  desensitized  for  most  of  the  day 
in  regular  smokers.  Why,  then,  do  such  individuals  continue 
to  smoke  throughout  the  day  in  the  presumed  absence  of 
direct  nicotine  reinforcement?  One  reason,  of  course,  is 
because  they  are  nicotine-dependent  and  want  to  avoid  nico- 
tine withdrawal  symptoms.  However,  it  is  also  likely  that  sen- 
sory stimuli  associated  with  the  act  of  smoking,  such  as  the 
taste  and  smell  of  inhaling  cigarette  smoke,  become  condi- 
tioned to  the  reinforcing  effects  of  nicotine  and  are  thus  able 
to  function  as  secondary  reinforcers  themselves  (Balfour  et 
al.,  2000).  Recall  that  each  puff  on  a cigarette  delivers  a small 
burst  of  nicotine  to  the  brain.  Assuming  30  cigarettes  per  day 
and  10  puffs  per  cigarette,  a 10-year  smoker  has  had  over  1 
million  “learning  trials”  in  which  a mouthful  of  cigarette 
smoke  was  paired  with  one  of  those  bursts  of  nicotine.  Con- 
sider further  that  in  a nonsmoker  who  has  not  developed 
such  an  association,  the  sensory  qualities  of  cigarette  smoke 
are  harsh  and  unpleasant.  For  these  reasons,  it  is  likely  that 
the  sensory  aspects  of  smoking  help  maintain  this  behavior 
under  conditions  where  direct  nicotine  reinforcement  is 
minimal  due  to  receptor  desensitization. 


One  additional  factor  to  be  mentioned  is  a pharmacolog- 
ical one  unrelated  to  nicotine.  Brain  imaging  studies  using 
positron  emission  tomography  (PET)  found  a large  reduc- 
tion in  the  activities  of  both  monoamine  oxidase  A (MAO- 
A)  and  MAO-B  in  smokers  compared  to  nonsmokers 
(Fowler  et  al.,  2003a).  This  effect  is  not  produced  by  admin- 
istration of  pure  nicotine  and  therefore  must  be  caused  by 
other  substances  present  in  cigarette  smoke  (Castagnoli  et  al., 
2002).  Furthermore,  MAO  inhibition  seems  to  require 
repeated  cigarette  use,  since  it  is  not  found  after  the  smoking 
of  a single  cigarette  (Fowler  et  al.,  1999).  Since  MAO  is  an 
enzyme  that  plays  a critical  role  in  metabolizing  the  neuro- 
transmitter DA,  it  is  possible  that  smoking  not  only  causes 
DA  release  (via  nicotine)  but  also  slows  its  breakdown  in  the 
brain.  Both  of  these  influences  on  the  DA  system  could  con- 
tribute to  smoking-related  reinforcement.  Subsequent  work 
involving  whole-body  PET  imaging  found  that  MAO-B 
activity  in  smokers  was  decreased  not  only  in  the  brain  but 
also  in  various  peripheral  organs  such  as  the  heart,  lungs,  and 
kidneys  (Fowler  et  al.,  2003b;  Figure  12.14).  As  these  organs 
are  exposed  to  catecholamines  via  the  circulation  as  well  as 
from  sympathetic  nerve  endings,  a deficiency  in  MAO-B 
could  result  in  adverse  consequences  due  to  augmented  cat- 
echolamine activity  throughout  the  body. 

Smoking  is  a major  cause  of  illness 
and  premature  death 

It  has  been  estimated  that  one-third  to  one-half  of  smokers 
die  prematurely  due  to  their  exposure  to  tobacco.  According 
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to  government  statistics,  cigarette  smoking  is  the  major  pre- 
ventable cause  of  death  among  Americans,  with  more  than 
440,000  people  dying  each  year  from  tobacco-related  causes 
(Centers  for  Disease  Control  and  Prevention,  2004).  The 
medical  costs  associated  with  smoking-related  illnesses  are 
thought  to  exceed  $75  billion  a year. 

Cigarette  smoking  increases  the  risk  for  many  life-threat- 
ening illnesses,  including  several  kinds  of  cancer  as  well  as 
cardiovascular  disease.  The  deleterious  effects  of  smoking 
stem  from  a combination  of  factors,  including  tar,  carbon 
monoxide  gas  that  is  produced  by  the  burning  of  tobacco, 
and  possibly  also  nicotine.  Tar  contains  a number  of  identi- 
fied carcinogens,  and  the  strong  association  between  ciga- 
rette smoking  and  lung  cancer  has  been  known  for  well  over 
30  years.  Smoking  can  also  lead  to  other  respiratory  diseases 
such  as  emphysema  and  chronic  bronchitis.  Although  there 
is  less  public  recognition  of  the  relationship  between  smok- 
ing and  cardiovascular  disease,  this  relationship  is  actually 
quite  strong.  Smokers  are  at  increased  risk  for  heart  attack, 
stroke,  and  atherosclerosis.  Finally,  pregnant  smokers  in  par- 
ticular should  try  to  stop  or  at  least  cut  back  on  their  smok- 
ing habit.  Smoking  during  pregnancy  is  the  leading  cause  of 
low  birth  weight,  which  delays  the  infant’s  development  and 
puts  him  at  risk  for  other  complications. 

Behavioral  and  pharmacological  strategies 
are  used  to  treat  tobacco  dependence 

Surveys  indicate  that  70  to  75%  of  current  smokers  in  the 
United  States  would  like  to  quit  smoking,  and  about  40  to 
45%  of  daily  smokers  actually  attempt  to  quit  each  year. 
However,  addiction  to  nicotine  is  so  powerful  that  the  suc- 
cess rate  is  very  low.  As  was  the  case  for  one  of  the  authors 
(JM)  many  years  ago,  the  smoking  habit  can  be  overcome 
but  the  process  is  difficult  and  usually  requires  multiple 
attempts  to  quit. 

We  will  consider  a variety  of  behavioral  and  pharmaco- 
logical approaches  for  treating  tobacco  dependence.  It  is 
important  to  recognize  that  the  success  rate  of  any  treatment 
approach  is  influenced  by  numerous  variables,  such  as  the 
duration  of  smoking  behavior  and  number  of  cigarettes 
smoked  daily,  the  intensity  of  the  abstinence  syndrome,  the 
motivation  to  quit,  whether  or  not  the  smoker  lives  and/or 
works  in  a smoking  environment,  and  so  on.  Furthermore, 
even  if  a given  therapeutic  program  claims  a high  success  rate 
for  its  clients,  such  claims  are  meaningless  unless  there  is 
careful  follow-up  for  months  and  years  to  ascertain  long- 
term abstinence. 

Behavioral  interventions  A number  of  strategies  are 
directed  toward  discouraging  young  people  from  beginning 
tobacco  use  or  giving  it  up  if  it  is  already  habitually  used.  For 
example,  various  state  and  federal  agencies  sponsor  anti- 
smoking appeals  in  the  media,  and  the  Surgeon  General’s 


office  has  mandated  health  warnings  on  cigarette  packages  for 
many  years.  Another  approach  is  the  levying  of  high  taxes  on 
tobacco  products.  This  may  not  prevent  people  from  starting 
to  use  these  products,  but  it  does  reduce  the  amount  of  use. 

Many  smokers  attempt  to  quit  by  using  various  self-help 
programs  involving  books  or  manuals.  While  such  programs 
are  generally  inexpensive,  they  don’t  appear  to  offer  much 
benefit  to  the  smoker.  A bit  more  successful  are  individual  or 
group  counseling  programs  provided  by  health  profession- 
als, particularly  those  that  provide  social  support  and/or  cop- 
ing-skills training  to  their  clients. 

Pharmacological  interventions  The  most  common  phar- 
macological intervention  for  smoking  cessation  is  nicotine 
replacement.  This  approach  is  based  on  several  premises:  ( 1 ) 
that  the  difficulty  associated  with  smoking  cessation  is  sig- 
nificantly related  to  nicotine  withdrawal  symptoms;  (2)  that 
blocking  (or  at  least  reducing)  these  symptoms  by  maintain- 
ing a certain  circulating  level  of  nicotine  can  assist  in  termi- 
nating smoking;  and  (3)  that  there  are  safer  ways  for  indi- 
viduals to  obtain  nicotine  than  by  smoking. 

Nicotine  replacement  was  first  accomplished  by  formu- 
lating a special  nicotine-containing  chewing  gum  (nicotine 
polacrilex),  which  has  the  advantage  that  nicotine  can  be 
absorbed  by  the  buccal  mucosa  (mucous  membranes  lining 
the  mouth)  rather  than  the  gastrointestinal  tract,  where 
absorption  is  minimal  and  there  is  substantial  first-pass 
metabolism  in  the  liver.  Nicotine  gum  was  approved  as  a 
pharmacotherapeutic  aid  in  the  treatment  of  cigarette 
dependence  in  1984  under  the  trade  name  Nicorette.  This 
was  later  followed  by  the  transdermal  nicotine  patch  (Nico- 
derm,  Habitrol,  Nicotrol),  nicotine  nasal  spray  (Nicotrol  NS), 
nicotine  inhaler  (Nicotrol  Inhaler),  and  nicotine  lozenges 
(Commit  Lozenges).  The  nasal  spray  and  inhaler  require  a 
doctor’s  prescription,  whereas  nicotine  gum,  patches,  and 
lozenges  can  be  obtained  over-the-counter  (OTC).  Making 
at  least  some  nicotine  medications  available  OTC  was  a sig- 
nificant advance  in  the  battle  against  smoking,  because  some 
smokers  are  reluctant  or  unable  financially  to  enter  a formal 
treatment  program  yet  may  still  be  willing  to  try  something 
they  can  obtain  at  a drug  store  without  a prescription. 

With  all  these  choices  available,  which  kind  of  nicotine 
replacement  therapy  should  a smoker  choose?  Table  12.2  lists 
some  of  the  advantages  and  disadvantages  of  each  nicotine 
delivery  vehicle.  Two  other  points  should  also  be  noted  with 
respect  to  nicotine  replacement  therapy.  First,  combination 
treatments  such  as  nicotine  gum  plus  the  patch  or  the  nico- 
tine inhaler  plus  the  patch  may  be  more  effective  than  either 
treatment  alone  in  helping  some  smokers  quit  their  habit 
(George  and  O’Malley,  2004).  Second,  a number  of  studies 
have  shown  that  success  rates  are  increased  when  behavioral 
or  psychosocial  (supportive)  therapy  is  provided  along  with 
nicotine  replacement.  Given  the  complex  nature  of  nicotine 
addiction  and  the  smoking  habit,  it  should  not  be  surprising 
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TABLE  1 2.2  Advantages  and  Disadvantages  of  Different  Kinds  of  Nicotine  Replacement  Therapy 


Treatment 

Advantages 

Disadvantages 

Nicotine  polacrilex  (gum) 

Easy  to  use;  flexible  dosing; 

OTC  availability;  rapid  nicotine  delivery 

Frequent  dosing  needed;  side  effects  such  as  jaw 
pain  or  mouth  soreness 

Nicotine  lozenge 

Easy  to  use,  flexible  dosing; 

OTC  availability;  rapid  nicotine  delivery 

Frequent  dosing  needed;  side  effects  such  as 
heartburn  or  indigestion  if  lozenges  consumed 
too  rapidly 

Transdermal  nicotine  patch 

Easy  to  use;  OTC  availability;  morning 
craving  reduced  with  overnight  use;  few 
side  effects  except  for  possible  skin  irritation 

Less  flexible  dosing  and  slower  delivery  of  nicotine 
than  with  other  treatments;  overnight  use  may 
cause  insomnia 

Nicotine  nasal  spray 

Flexible  dosing;  fastest  nicotine  delivery 
and  reduction  of  cravings 

Frequent  dosing  needed;  initial  side  effects  such  as 
nose  and  eye  irritation,  sneezing,  and  coughing 

Nicotine  inhaler 

Flexible  dosing;  use  mimics  the  hand-to-mouth 
feature  of  smoking;  few  side  effects  except  for 
mild  throat  irritation  and  coughing 

Frequent  dosing  needed 

that  a combined  therapeutic  approach  gives  the  smoker  the 
best  chance  of  quitting. 

Although  nicotine  replacement  therapy  continues  to  be 
refined  and  improved,  another  valuable  drug  for  smoking 
cessation  was  discovered  serendipitously  by  staff  working  at  a 
Veterans  Administration  hospital  clinic  in  California.  Some 
of  their  depressed  patients  were  undergoing  treatment  with 
bupropion,  an  unusual  antidepressant  medication  thought 
to  act  by  inhibiting  DA  and  norepinephrine  reuptake. 
Depressed  patients  often  smoke,  yet  some  of  the  smokers 
given  bupropion  reported  reduced  cigarette  cravings  and 
were  able  to  quit  smoking  without  additional  therapeutic 
intervention.  Formal  studies  confirmed  the  efficacy  of 


bupropion,  and  the  drug  is  now  available  for  smoking  cessa- 
tion in  the  form  of  a sustained-release  preparation  (trade 
name  Zyban).  Figure  12.15A  and  B show  that  sustained- 
release  bupropion  is  as  effective  as  the  nicotine  patch  in 
reducing  nicotine  withdrawal  symptoms  in  newly  abstinent 
smokers  ( Jorenby  et  al.,  1999).  However,  the  combination  of 
bupropion  and  the  patch  did  not  reduce  symptoms  below 
the  level  achieved  with  either  treatment  alone. 

Finally,  you  may  recall  that  in  the  last  chapter  we  dis- 
cussed efforts  by  researchers  to  develop  a vaccine  against 
cocaine.  Similar  work  is  being  carried  out  with  nicotine.  In 
fact,  at  the  time  of  this  writing  a nicotine  vaccine  (trade 
name  NicVAX)  is  currently  undergoing  human  clinical  trials 
to  determine  whether  it  is  effective 
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Quitting 
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in  reducing  the  incidence  of  smok- 
ing (Kantak,  2003).  Because  the 
vaccine  does  not  completely  pre- 
vent nicotine  from  reaching  the 
brain,  it  will  probably  be  combined 
with  existing  treatment  approaches 


Figure  12.15  Efficacy  of  bupropi- 
on treatment  in  reducing  symp- 
toms of  smoking  withdrawal 

Subjects  were  enrolled  in  a smoking 
cessation  program  in  which  they 
received  bupropion  alone,  nicotine 
patch  alone,  bupropion  plus  nicotine 
patch,  or  placebo. The  intensity  of 
withdrawal  symptoms  was  rated  and 
compared  to  baseline  (pretreatment) 
scores  for  the  first  6 days  after  quit- 
ting (A),  and  then  at  weekly  intervals 
for  a total  of  9 weeks  (B).  All  treatment 
groups  showed  reduced  withdrawal 
symptoms  compared  to  the  placebo 
group.  (From  Jorenby  et  al.,  1 999.) 
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such  as  bupropion  (to  reduce  withdrawal  symptoms)  and 
counseling. 

Section  Summary 

There  are  more  than  70  million  smokers  in  this  country, 
according  to  the  2002  National  Household  Survey  on  Drug 
Use  and  Health.  There  are  fewer  female  than  male  smokers, 
and  women  also  differ  from  men  in  their  smoking  habits. 
Smokers  typically  begin  during  adolescence,  and  many  dif- 
ferent reasons  have  been  given  for  teenage  smoking. 

Because  smokers  commonly  report  that  smoking  causes 
relaxation,  a reduction  in  stress,  and  increased  concentration, 
some  researchers  have  proposed  a nicotine  resource  model 
hypothesizing  that  the  nicotine  obtained  through  smoking 
has  the  beneficial  effects  of  increasing  mood  control  (in  rela- 
tion to  stress  reduction)  and  enhancing  concentration.  How- 
ever, accumulated  evidence  favors  an  alternative  model,  the 
deprivation  reversal  model,  which  argues  that  the  positive 
effects  experienced  when  smoking  actually  constitute  the 
alleviation  of  withdrawal  effects  such  as  irritability,  anxiety, 
and  poor  concentration.  These  and  other  symptoms  are 
components  of  a well-established  abstinence  syndrome  seen 
in  nicotine-dependent  smokers  who  try  to  quit.  It  is  interest- 
ing that  some  individuals,  called  chippers,  can  smoke  small 
numbers  of  cigarettes  regularly  without  becoming  depend- 
ent. Chippers  do  develop  tolerance,  however,  which  demon- 
strates a separation  between  the  processes  underlying  nico- 
tine tolerance  and  dependence. 

Although  withdrawal  symptoms  undoubtedly  play  an 
important  role  in  maintaining  the  smoking  habit  in  depend- 
ent smokers,  other  factors  also  contribute  to  this  habit.  One 
factor  is  the  sensory  aspects  of  smoking,  namely  the  taste  and 
smell  of  cigarette  smoke.  Researchers  have  also  recently  dis- 
covered that  some  component  of  cigarette  smoke  other  than 
nicotine  inhibits  MAO  activity  in  the  brain  and  in  other 
organs.  As  this  enzyme  plays  a key  role  in  DA  metabolism, 
MAO  inhibition  as  well  as  direct  stimulation  of  DA  release 
may  both  be  involved  in  the  neurochemical  mechanisms 
underlying  nicotine  reinforcement. 

Chronic  use  of  tobacco  results  in  many  adverse  health 
consequences,  including  cancer,  emphysema  and  bronchitis, 
and  cardiovascular  disease.  For  this  reason,  many  different 
treatment  strategies  have  been  developed  to  assist  smokers 
in  quitting.  These  include  behavioral  as  well  as  pharmaco- 
logical interventions.  Nicotine  replacement  for  the  allevia- 
tion of  withdrawal  symptoms  can  be  accomplished  by  means 
of  nicotine  gum,  lozenges,  patches,  nasal  spray,  or  inhaler. 
Also  useful  is  a sustained-release  preparation  of  the  antide- 
pressant bupropion  (Zyban),  which  reduces  nicotine  crav- 
ing. Finally,  a nicotine  vaccine  (NicVAX)  that  reduces  nico- 
tine availability  to  the  brain  is  undergoing  clinical  testing. 
Despite  all  of  these  treatment  options,  overall  success  rates 


are  still  low,  and  thus  more-effective  treatment  programs 
must  continue  to  be  sought.  Breaking  the  smoking  habit  is 
almost  always  a difficult  proposition,  so  it  is  much  better 
never  to  become  dependent  in  the  first  place. 

Caffeine 

Background 

If  you  are  like  most  people  living  in  Western  societies,  you 
probably  had  at  least  one  cup  of  coffee  (or  perhaps  tea)  this 
morning,  possibly  followed  up  by  additional  cups  as  the  day 
progressed.  Whether  you  like  the  taste  of  coffee  (which  is  bit- 
ter when  taken  black)  or  not,  you  are  probably  consuming  it 
at  least  partly  for  its  pharmacological  properties  as  a stimu- 
lant. This,  of  course,  brings  us  to  the  subject  of  caffeine,  the 
principal  psychoactive  ingredient  in  coffee. 

The  major  source  of  caffeine  is  coffee  beans,  which  are  the 
seeds  of  the  plant  Coffea  arabica.  Tea  leaves  contain  signifi- 
cant amounts  of  both  caffeine  and  a related  compound 
called  theophylline  (which  is  Greek  for  “divine  leaf”)  (Figure 
12.16).  Caffeine  is  one  of  the  most  widely  used  drugs  in  the 
world.  In  the  United  States,  for  example,  it  is  estimated  that 
80  to  90%  of  adults  regularly  drink  caffeinated  beverages. 
The  typical  caffeine  content  of  various  foodstuffs  and  over- 
the-counter  drugs  is  shown  in  Table  12.3.  Taking  these  vari- 
ous sources  together,  the  average  adult  caffeine  intake  in  the 
United  States  has  been  estimated  at  200  to  400  mg  per  day. 
As  discussed  later  in  the  chapter,  individuals  who  are  com- 
pulsive users  can  greatly  exceed  this  dose.  Children  may  also 
ingest  considerable  amounts  of  caffeine  through  consump- 
tion of  caffeinated  soft  drinks  and  chocolate. 


Basic  Pharmacology  of  Caffeine 

Caffeine  is  normally  consumed  orally  through  the  beverages 
in  which  it  is  present.  Under  this  condition,  it  is  virtually 
completely  absorbed  from  the  gastrointestinal  tract  within 
30  to  60  minutes.  Caffeine  absorption  begins  in  the  stomach 
but  takes  place  mainly  within  the  small  intestine.  The  plas- 
ma half-life  of  caffeine  varies  substantially  from  one  person 
to  another,  but  the  average  value  is  about  4 hours.  Conse- 


Figure  1 2.1 6 Chemical  structures  of  caffeine  and 
theophylline 
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TABLE  1 2.3  Typical  Caffeine  Content  of  Common 
Food  Items  and  Drugs 


Source 

Caffeine  content 

Beverages 

Brewed  coffee 

74-83  mg/5-oz.  cup 

Decaffeinated  coffee 

2-3  mg/5-oz.  cup 

Tea 

24-30  mg/5-oz.  cup 

Cocoa 

4-5  mg/5-oz.  cup 

Regular  or  diet  colas 

26-58  mg/12-oz.  serving 

Caffeine-free  colas 

0 mg 

Chocolates 

Milk  or  sweet  chocolate 

6-20  mg/oz. 

Baking  chocolate 

35-60  mg/oz. 

Analgesic  drugs 

Anacin,  maximum  strength 

32  mg/tablet 

Excedrin 

64.8  mg/tablet 

Over-the-counter  stimulants 

No  Doz 

100  mg/tablet 

Vivarin 

200  mg/tablet 

Source:  From  Barone  and  Roberts,  1996;  Somani  and  Gupta,  1988. 


quently,  people  who  drink  coffee  repeatedly  over  the  course 
of  a day  experience  gradually  rising  plasma  caffeine  concen- 
trations. Most  of  this  caffeine  is  then  cleared  from  the  circu- 
lation during  sleep.  The  rate  of  plasma  clearance  is  stimulat- 
ed by  smoking  and  reduced  when  smoking  is  terminated. 
The  resulting  increase  in  plasma  caffeine  levels  could  con- 
tribute to  cigarette  withdrawal  symptoms  in  heavy  coffee 
drinkers,  particularly  since  caffeine  is  anxiogenic  (anxiety- 
provoking)  at  high  doses  (see  the  next  section). 

Caffeine  is  converted  to  a variety  of  metabolites  by  the  liver. 
These  metabolites  account  for  almost  all  caffeine  excretion,  as 
only  1 to  2%  of  an  administered  dose  is  excreted  unchanged. 
In  humans,  approximately  95%  of  caffeine  metabolites  are 
eliminated  through  the  urine,  2 to  5%  through  the  feces,  and 
the  remainder  through  other  bodily  fluids  such  as  saliva. 


Behavioral  and  Physiological  Effects 

Acute  subjective  and  behavioral  effects  of 
caffeine  depend  on  dose  and  prior  exposure 

In  laboratory  animals  such  as  rats  and  mice,  caffeine  has 
biphasic  effects  related  to  dose.  At  low  doses,  it  has  stimulant 
effects  as  shown  by  increased  locomotor  activity.  At  high 
doses,  this  effect  is  reversed  and  animals  actually  show 
reduced  activity.  This  interesting  dose-response  function  has 
been  related  to  the  neurochemical  actions  of  caffeine,  as  dis- 
cussed later  in  this  chapter. 


People  ingest  caffeine  mostly  for  its  stimulating  and 
fatigue-reducing  effects,  as  can  be  attested  to  by  any  student 
needing  to  “pull  an  all-nighter”  before  a big  exam.  At  high 
doses  of  caffeine,  humans  do  not  show  behavioral  depression 
like  rodents  but  rather  experience  feelings  of  tension  and 
anxiety.  Interestingly,  patients  suffering  from  panic  disorder 
appear  to  be  hypersensitive  to  caffeine’s  anxiogenic  effects 
and  may  even  suffer  panic  attacks  in  response  to  caffeine 
administration  (Bourin  et  al.,  1998). 

Caffeine  does  more  than  just  increase  our  arousal.  In  con- 
trolled laboratory  studies,  humans  receiving  low  or  interme- 
diate doses  of  caffeine  report  a variety  of  positive  subjective 
effects,  including  feelings  of  well-being,  enhanced  energy  or 
vigor,  increased  alertness  and  ability  to  concentrate,  self-confi- 
dence, increased  work  motivation,  and  enhanced  sociability. 
Figure  12.17  shows  the  results  of  one  such  study  in  which  col- 
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Figure  1 2.1 7 Effects  of  consuming  a caffeinated  beverage 
on  mood  and  performance  Subjects  were  instructed  to 
abstain  from  caffeine  for  at  least  2 hours,  after  which  they 
received  a beverage  containing  either  40  mg  of  caffeine  or  a simi- 
lar beverage  with  no  caffeine.  Consumption  of  the  caffeinated 
beverage  significantly  increased  alertness,  reduced  tension,  and 
improved  reaction  time  on  a focused  attention  task  regardless  of 
whether  or  not  the  task  included  distracting  stimuli.  (From  Smith 
et  al.,  1999.) 
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lege  students  were  tested  on  a variety  of  mood  and  perform- 
ance measures,  given  a beverage  containing  either  40  mg  of 
caffeine  or  no  drug  (decaffeinated  placebo),  and  then  tested  a 
second  time.  Compared  to  placebo,  caffeine  administration 
significantly  increased  alertness,  reduced  tension,  and 
decreased  reaction  times  on  a focused  attention  task  (Smith  et 
al.,  1999).  Although  these  and  similar  results  suggest  that  caf- 
feine can  enhance  both  mood  and  performance,  most  of  the 
studies  have  been  conducted  on  regular  caffeine  users  after 
some  period  of  abstinence  (usually  either  a few  hours  or 
overnight).  Consequently,  just  as  we  saw  earlier  for  nicotine, 
at  least  some  of  the  ^positive  effects  of  caffeine  may  be  due  to 
alleviation  of  withdrawal  symptoms  rather  than  improvement 
over  baseline  levels  (Rogers  and  Dernoncourt,  1998).  Caffeine 
dependence  and  withdrawal  are  discussed  in  the  next  section. 

Some  of  caffeines  subjective  effects  may  be  related  to  its 
peripheral  physiological  actions.  These  include  increased 
blood  pressure  and  respiration  rate,  enhanced  water  excretion 
(diuresis),  and  stimulation  of  catecholamine,  particularly  epi- 
nephrine, release.  There  is  growing  concern  that  even  though 
the  influence  of  caffeine  on  blood  pressure  is  generally  small, 
chronic  caffeine  use  may  represent  a risk  factor  for  heart  dis- 
ease or  stroke,  particularly  in  individuals  who  are  especially 
sensitive  to  the  drugs  cardiovascular  effects  (James,  2004). 

Although  caffeine  is  not  usually  regarded  as  a medicinal 
agent,  it  does  have  several  therapeutic  uses.  As  shown  in 
Table  12.3,  caffeine  is  a constituent  of  several  over-the-count- 
er analgesic  agents.  This  is  based  on  studies  suggesting  that 
caffeine  is  mildly  effective  in  the  treatment  of  (nonmigraine) 
headache  either  alone  or  acting  synergistically  with  aspirin 
or  acetaminophen  (the  active  ingredient  in  Tylenol).  Proba- 
bly the  most  important  clinical  use  of  caffeine  is  in  the  treat- 
ment of  newborn  infants  who  show  apneic  episodes  (peri- 
odic cessation  of  breathing).  Caffeine  can  be  lifesaving  in 
these  babies  by  regularizing  their  breathing. 

Regular  caffeine  use  leads  to  tolerance 
and  dependence 

What  happens  when  people  are  chronically  exposed  to  caffeine 
through  regular  coffee,  tea,  or  soda  consumption?  For  many 
years,  it  was  believed  that  tolerance  did  not  occur  to  the  stim- 
ulating action  of  caffeine.  However,  there  are  now  several  stud- 
ies showing  that  tolerance  does  develop  to  at  least  some  of  caf- 
feine’s subjective  effects  as  well  as  its  ability  to  disrupt  sleep 
(Griffiths  and  Mumford,  1995).  This  may,  for  example,  enable 
a heavy  coffee  drinker  to  consume  caffeine  shortly  before  bed- 
time and  still  fall  asleep,  whereas  a late-night  cup  of  coffee  is 
likely  to  cause  insomnia  in  someone  who  normally  consumes 
little  caffeine.  Chronic  caffeine  use  also  produces  tolerance  to 
the  cardiovascular  and  respiratory  effects  of  the  drug. 

For  those  of  you  who  are  regular  caffeine  users,  perhaps 
you  have  occasionally  been  forced  to  miss  your  morning  cup 
of  coffee  or  tea.  It  is  likely  that  you  experienced  at  least  a few 


psychological  and/or  physical  symptoms,  including  headache 
and  lethargy  or  fatigue.  If  so,  then  you  are  dependent  on  caf- 
feine. Don’t  worry,  though,  as  this  is  a very  common  type  of 
drug  dependence  and  is  harmless  except  in  a small  percent- 
age of  individuals  who  have  extremely  high  levels  of  caffeine 
intake.  Controlled  studies  have  demonstrated  a range  of  caf- 
feine withdrawal  symptoms,  including  headache,  drowsiness, 
fatigue,  impaired  concentration  and  psychomotor  perform- 
ance, and  in  some  cases  mild  anxiety  or  depression.  An 
intense  craving  for  coffee  may  also  be  experienced.  Symp- 
toms of  caffeine  withdrawal  can  occur  in  individuals  who  are 
consuming  as  little  as  100  mg/day,  which  is  the  equivalent  of 
one  6-oz.  cup  of  regular  coffee  or  three  cans  of  caffeinated 
soft  drink  (Griffiths  et  al.,  1990).  If  caffeine  is  withheld  for  a 
prolonged  period  of  time,  the  withdrawal  syndrome  lasts  for 
a few  days  but  then  dissipates  (Figure  12.18). 

Researchers  believe  that  relief  from  withdrawal  is  a major 
factor  in  chronic  coffee  drinking,  particularly  with  regard  to 
the  first  cup  in  the  morning.  This  hypothesis  is  supported  by 
controlled  studies  showing  that  physical  dependence  plays  an 
important  role  in  the  reinforcing  effects  of  caffeine  and  the 
choice  to  consume  caffeinated  beverages  (Garrett  and  Grif- 
fiths, 1998).  Caffeine  withdrawal  symptoms  can  be  severe 
enough  to  cause  occupational  and/or  social  dysfunction  in 
heavy  users  who  have  severe  physical  dependence  on  the  drug 
(Box  12.2).  There  is  even  evidence  that  some  schoolchildren 
become  dependent  on  caffeine  due  to  a heavy  intake  of  cola 
and  other  caffeine-containing  beverages  or  food.  Indeed,  two 
Israeli  investigators  recently  reported  the  occurrence  of  fre- 
quent headaches  in  children  and  adolescents  who  were  con- 
suming at  least  1.5  liters  of  cola  drinks  (containing  about  200 
mg  of  caffeine)  per  day.  In  almost  all  cases  the  headaches 
completely  disappeared  following  gradual  cessation  of  caf- 
feine consumption  (Hering-Hanit  and  Gadoth,  2003). 

In  addition  to  the  previously  mentioned  psychological 
and  behavioral  consequences  of  chronic  caffeine  consump- 
tion, caffeine  use  may  be  a risk  factor  for  certain  physiologi- 
cal disorders.  For  example,  heavy  coffee  drinking  has  been 
linked  with  increased  blood  pressure  and  a heightened  risk 
of  coronary  heart  disease.  There  have  also  been  several 
reports  of  an  association  between  high  caffeine  consumption 
by  pregnant  women  and  low  infant  birth  weight.  It  is  there- 
fore prudent  for  all  individuals,  but  especially  pregnant 
women,  to  moderate  their  caffeine  intake. 


Mechanisms  of  Action 

Although  the  mechanism  by  which  caffeine  exerts  its  stimu- 
lant effects  is  not  yet  completely  understood,  substantial 
progress  has  been  made  over  the  past  20  years.  It  is  clear  that 
caffeine  does  not  directly  influence  catecholamine  systems  in 
the  manner  of  the  psychomotor  stimulants  amphetamine  and 
cocaine.  How  else  might  it  work?  When  the  biochemistry  of 
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Figure  1 2.1 8 Time  course  of  caffeine  withdrawal  in  reg- 
ular users  During  the  first  phase  of  the  study  (top  panel),  sub- 
jects were  maintained  on  1 00  mg  of  caffeine  daily  in  capsule 
form  while  abstaining  from  all  dietary  sources  of  caffeine.  Dur- 
ing the  second  phase  (middle  panel),  placebo  capsules  were 
substituted  for  caffeine  without  the  knowledge  of  the  subjects. 
In  the  third  phase  (bottom  panel),  caffeine  administration  was 
reinstated.  Caffeine  withdrawal  symptoms  rapidly  appeared 
during  abstinence;  however,  the  symptoms  gradually  disap- 
peared over  the  course  of  several  days.  (From  Griffiths  et  al., 
1990.) 


the  second  messenger  cyclic  adenosine  monophosphate 
(cAMP)  was  first  being  studied,  investigators  discovered  that 
caffeine  and  theophylline  are  inhibitors  of  cAMP  phosphodi- 
esterase, the  enzyme  that  breaks  down  cAMP.  This  led  to  the 
theory  that  the  behavioral  activation  produced  by  caffeine  or 
theophylline  was  caused  by  a buildup  of  brain  cAMP  concen- 
trations. Subsequent  research,  however,  demonstrated  that 
such  activation  can  occur  at  brain  concentrations  that  are 
insufficient  to  inhibit  phosphodiesterase.  In  addition,  phos- 
phodiesterase inhibitors  that  differ  in  their  chemical  structure 
from  caffeine  or  theophylline  are  actually  behavioral  depres- 
sants rather  than  stimulants.  These  findings  cast  serious 
doubt  on  the  relevance  of  this  phosphodiesterase  inhibition 
to  the  stimulant  properties  of  caffeine  and  theophylline. 

Subsequent  research  identified  several  other  cellular 
actions  of  caffeine.  These  include  blockade  of  GABAa  recep- 
tors, stimulation  of  Ca2+  release  within  cells,  and  blockade  of 
Aj  and  A2A  receptors  for  a substance  called  adenosine.  Figure 
12.19  illustrates  idealized  concentration-response  functions 
for  the  various  cellular  effects  of  caffeine.  We  can  see  that  at 
the  levels  of  caffeine  associated  with  one  or  a few  cups  of  cof- 


1 cup  of  coffee  Toxic  doses 


Figure  12.19  Concentration-response  curves  for  caf- 
feine's effects  on  various  neurochemical  processes  Partial 
blockade  of  adenosine  A1  and  A2A  receptors  occurs  at  caffeine 
concentrations  produced  by  typical  doses  such  as  are  present  in 
one  or  a few  cups  of  coffee.  In  contrast,  other  effects  of  caffeine 
require  concentrations  in  the  toxic  range.  (From  Daly  and  Fred- 
holm, 1998.) 
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Is  Caffeine  a 
Substance  of  Abuse? 


Although  caffeine  is  not  normally 
associated  with  the  compulsive  drug- 
taking patterns  seen  in  severe  alco- 
holics or  individuals  dependent  on 
cocaine  or  opiates,  physicians  occa- 
sionally encounter  patients  who  per- 
sist in  consuming  large  amounts  of 
coffee  or  other  caffeinated  beverages 
despite  strong  medical  advice  to  the 
contrary.  Chronic  ingestion  of  exces- 
sive amounts  of  caffeine  can  lead  to  a 
syndrome  called  caffeinism,  which  is 
characterized  by  restlessness,  nerv- 
ousness, insomnia,  and  physiological 
disturbances  including  tachycardia 
(increased  heart  rate)  and  gastroin- 
testinal upset.This  is  not  a recently 
identified  disorder.  More  than  100 
years  ago,  for  example,  Rugh  (1896) 
presented  a case  report  of  a traveling 
salesman  who  drank  large  amounts  of 
strong  coffee  in  an  effort  to  maintain 


his  heavy  work  schedule.  As  a result, 
the  patient  exhibited  symptoms  of 
anxiety,  insomnia,  involuntary  muscle 
contractions  of  the  limbs,  and  a sense 
of  impending  danger. 

Extremely  high  doses  of  caffeine 
(>1000  mg /day)  may  produce  even 
more  severe  psychiatric  effects.  Due 
to  the  similar  symptomatology,  caf- 
feinism  is  sometimes  difficult  to  dis- 
tinguish from  a primary  anxiety  disor- 
der. Although  the  origins  of  caffeinism 
are  not  yet  known,  it  may  be  that  indi- 
viduals suffering  from  this  disorder 
experience  particularly  strong  with- 
drawal symptoms  and  craving  when 
they  attempt  to  curtail  their  usage. 

We  have  seen  that  caffeine  con- 
sumption causes  physical  depend- 
ence and  can  also  lead  to  a compul- 
sive use  pattern.  Moreover,  several 
studies  have  found  that  caffeine  is 
reinforcing  to  regular  users.  Caffeine 
therefore  possesses  some  of  the  char- 
acteristics of  an  abused  substance.  On 
the  other  hand,  most  caffeine  use  is 
noncompulsive  and  does  not  impair 
the  user's  daily  functioning.  Further- 


more, the  reinforcing  effects  of  caf- 
feine are  not  due  to  an  intense  drug- 
induced  euphoria  as  in  the  case  of 
cocaine,  opiates,  and  certain  other 
heavily  abused  substances.  Rather, 
caffeine  reinforcement  seems  to  be 
related  to  a combination  of  functional 
enhancement  (i.e.,  improved  atten- 
tion and  psychomotor  performance) 
and  relief  from  withdrawal  symptoms. 
Animal  self-administration  studies 
have  found  caffeine  to  be  only  weakly 
reinforcing  compared  to  drugs  such 
as  cocaine,  amphetamine,  and  the 
opiates.Together,  these  findings  lead 
to  the  conclusion  that  caffeine  has 
only  a limited  abuse  potential,  which 
is  reflected  in  the  lack  of  either  a caf- 
feine dependence  or  abuse  syndrome 
in  the  Diagnostic  and  Statistical  Manu- 
al of  Mental  Disorders  (DSM-IV).  How- 
ever, it  is  worth  noting  that  the  DSM- 
IV  does  list  several  caffeine-related 
disorders,  including  caffeine  intoxica- 
tion (caffeinism),  caffeine-induced 
anxiety  disorder,  and  caffeine-induced 
sleep  disorder. 


fee,  only  the  adenosine  receptor  blockade  would  come  into 
play.  The  other  effects  require  much  higher  doses,  even  into 
the  toxic  range  associated  with  caffeinism. 

There  is  now  overwhelming  evidence  that  blockade  of 
adenosine  receptors  underlies  caffeine-induced  behavioral 
stimulation.  To  understand  this  mechanism,  therefore,  we 
need  to  say  something  about  adenosine  and  its  role  in  the 
nervous  system.  In  biology  and  biochemistry  classes,  stu- 
dents learn  about  the  role  of  adenosine  as  a constituent  of 
the  vital  energy-containing  compound  adenosine  triphos- 
phate (ATP)  and  as  one  of  the  nucleosides  in  RNA.  However, 
adenosine  in  the  brain  also  seems  to  serve  a neurotransmit- 
ter-like function.  It  can  be  released  into  the  brain  extracellu- 
lar fluid,  where  it  acts  on  several  different  types  of  specific 
adenosine  receptors  in  nerve  cell  membranes.  Studies  on  cats 
by  Robert  McCarley  and  his  coworkers  have  shown  that 
extracellular  adenosine  levels  in  the  basal  forebrain  are  sig- 
nificantly elevated  during  prolonged  wakefulness,  and  these 


investigators  have  hypothesized  that  this  substance  is  respon- 
sible for  the  drowsiness  that  occurs  following  a period  of 
sleep  deprivation  (Basheer  et  al.,  2000). 

Four  different  adenosine  receptor  subtypes  have  been 
identified:  Av  A2A,  A2B,  and  A3.  Caffeine  most  potently  blocks 
the  Ax  and  A2A  receptor  subtypes,  which  are  therefore 
thought  to  mediate  most  of  the  behavioral  effects  of  caffeine 
in  laboratory  animals.  McCarley  s group  has  linked  the  sleep- 
inducing  effects  of  adenosine  in  cats  specifically  to  the  A{ 
receptor  subtype  (Thakkar  et  al.,  2003).  We  don’t  yet  know 
whether  adenosine  plays  a similar  role  in  feelings  of  drowsi- 
ness or  sleepiness  in  humans.  But  if  it  does,  then  one  can  see 
how  that  first  cup  of  coffee  in  the  morning  helps  shake  off 
the  lingering  sleepiness  of  the  previous  night,  or  how  a 
midafternoon  coffee  break  brings  workers  back  to  an  alert 
state  during  a postlunch  period  of  drowsiness,  or  how  that 
late-night  cup  of  coffee  keeps  you  awake  unless  you’re 
already  tolerant  to  caffeine,  as  discussed  earlier. 
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Section  Summary 

Caffeine  is  contained  in  a number  of  foods,  especially  coffee 
and  tea.  When  consumed  orally,  it  is  readily  absorbed  from 
the  gastrointestinal  tract  and  is  gradually  metabolized  and 
excreted  with  a typical  half-life  of  approximately  4 hours.  In 
rodents,  caffeine  has  locomotor  stimulant  effects  at  low  doses 
but  actually  reduces  activity  at  high  doses.  Humans  general- 
ly experience  heightened  arousal,  reduced  fatigue,  and 
reduced  sleep  in  response  to  normal  amounts  of  caffeine. 
Higher  doses  can  lead  to  feelings  of  tension  and  anxiety.  Lab- 
oratory studies  have  also  demonstrated  enhanced  psy- 
chomotor performance  following  caffeine  administration; 
however,  it  is  not  clear  whether  these  findings  represent  a 
true  positive  effect  of  the  substance  or  an  alleviation  of  caf- 
feine withdrawal.  Caffeine  produces  various  physiological 
effects,  such  as  increased  blood  pressure  and  respiration  rate, 
diuresis,  and  increased  catecholamine  release.  It  has  several 
clinical  uses,  including  relief  of  mild  headache  and  the  treat- 
ment of  newborn  infants  with  apnea. 

Regular  caffeine  use  leads  to  tolerance  and  physical 
dependence.  Symptoms  of  caffeine  withdrawal  include 
headache,  drowsiness,  fatigue,  impaired  concentration,  and 
reduced  psychomotor  performance.  The  ability  of  caffeine  to 
produce  dependence  and  withdrawal  accounts  for  the  anec- 
dotal observations  of  those  who  insist  that  they  cannot  “get 
started”  in  the  morning  without  a cup  of  coffee.  Although 
most  users  consume  caffeine  at  low  to  moderate  doses,  a 


small  number  of  individuals  consume  extremely  high 
amounts  that  can  lead  to  adverse  psychological  and  physio- 
logical consequences  (caffeinism).  In  addition  to  the  obvious 
problems  associated  with  caffeinism,  even  more  modest  caf- 
feine consumption  has  been  associated  with  a heightened 
risk  for  coronary  heart  disease  and  low  infant  birth  weight 
(when  the  drug  is  taken  by  pregnant  women). 

Although  caffeine  has  a number  of  biochemical  effects  on 
the  brain,  its  psychological  and  behavioral  properties  are 
thought  to  be  mediated  primarily  by  its  ability  to  block  Aj 
and  A2A  adenosine  receptors.  There  is  growing  evidence  from 
animal  studies  that  adenosine  is  a sleep-  or  drowsiness- 
inducing  factor  released  after  a period  of  waking.  This  may 
explain  why  caffeine  use  in  humans  causes  increased  alert- 
ness and  suppression  of  sleep. 
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A high-resolution  scanning  electron  micrograph  of  a cannabis 
leaf  showing  cannabinoid-rich  structures  protruding  from  the 
surface. 


ou  have  almost  certainly  heard  the  term  “drug  czar”  which  actually 
refers  to  the  Director  of  the  Office  of  National  Drug  Control  Policy.  At 
the  time  of  this  writing,  our  drug  czar  is  John  P.  Walters,  who  was 
selected  by  President  George  W.  Bush  to  replace  the  former  director,  General 
Barry  McCaffrey.  If  you  thought  that  the  existence  of  a drug  czar  and  the  cur- 
rent “War  on  Drugs”  are  relatively  recent  phenomena,  you  would  be  wrong  by 
more  than  70  years.  The  first  federal  official  who  might  have  been  called  a 
drug  czar  by  our  generation  was  Harry  J.  Anslinger,  a man  who  was  appointed 
in  1930  to  be  the  first  Commissioner  of  Narcotics  in  the  Bureau  of  Narcotics 

of  the  United  States  Treasury  Department. 

We  mention  Harry  Anslinger  here  because 
in  the  1930s,  he  spearheaded  a public  rela- 
tions campaign  to  portray  marijuana  as  a 
social  menace  capable  of  destroying  the 
youth  of  America.  In  congressional  hearings 
that  preceded  passage  of  the  1937  Marijuana 
Tax  Act,  the  first  federal  legislation  control- 
ling marijuana  sales,  Anslinger  testified  as  fol- 
lows: “Those  who  are  habitually  accustomed 
to  use  of  the  drug  [marijuana]  are  said  to 
develop  a delirious  rage  after  its  administra- 
tion, during  which  they  are  temporarily,  at 
least,  irresponsible  and  liable  to  commit  vio- 
lent crimes.  The  prolonged  use  of  this  narcot- 
ic is  said  to  produce  mental  deterioration.  It 
apparently  releases  inhibitions  of  an  antiso- 
cial nature  which  dwell  within  the  individ- 
ual” (Schaffer  Library  of  Drug  Policy).  At  the 
same  time,  Anslinger  s Bureau  of  Narcotics 
was  feeding  information  to  the  popular 


j 


328  Chapter  13 


Figure  1 3.1  Poster  advertising  the  1 936  film 
Reefer  Madness 


media  about  the  evils  of  marijuana  use.  This  stream  of  prop- 
aganda resulted  in  magazine  articles  with  titles  such  as  “Mar- 
ihuana: Assassin  of  Youth”  (American  Magazine)  or  “Sex 
Crazing  Drug  Menace”  (Physical  Culture ),  as  well  as  anti- 
marijuana movies  such  as  Reefer  Madness  (Figure  13.1)  that 
are  now  regarded  as  cult  classics. 

Few  people  still  believe  the  lurid  stories  spread  so  widely 
during  the  1930s  antimarijuana  campaign.  And  yet  marijua- 
na remains  a highly  controversial  subject  in  our  society — 
castigated  by  many  as  a gateway  to  the  so-called  hard  drugs 
(see  Chapter  8),  but  praised  by  others  as  an  unappreciated 
medical  marvel.  Where  does  the  truth  lie?  In  this  chapter,  we 
will  attempt  to  separate  the  myths  of  marijuana  from  the  sci- 
entific reality  of  this  ancient  drug. 


Background  and  History  of  Marijuana 

Marijuana  (alternate  spelling:  marihuana)  is  produced  from 
the  flowering  hemp,  a weedlike  plant  given  the  botanical 
name  of  Cannabis  sativa  by  Linnaeus  in  1753  (Figure  13.2). 


Figure  13.2  Cannabis  plants 


Historically,  hemp  has  served  an  important  function  in  many 
cultures  as  a major  source  of  fiber  for  making  rope,  cloth, 
and  even  paper.  At  times,  its  seeds  have  also  been  used  for 
their  oil  content  and  as  bird  feed.  More  importantly  for  neu- 
ropharmacologists, cannabis  plants  contain  more  than  60 
unique  compounds  that  are  collectively  known  as  cannabi- 
noids.  The  psychoactive  properties  of  some  of  these  com- 
pounds, particularly  a substance  called  A9-tetrahydro- 
cannabinol  (THC),  accounts  for  the  use  of  cannabis  as  a 
drug.  Although  cannabinoids  can  be  found  to  some  extent 
in  all  parts  of  the  plant,  they  are  concentrated  in  a sticky  yel- 
lowish resin  that  is  secreted  in  particularly  large  amounts  by 
the  flowering  tops  of  female  plants. 

Cannabis  can  be  obtained  in  a number  of  different  forms 
for  the  purpose  of  consumption.  The  most  familiar  to  us  is 
marijuana,  which  is  derived  from  the  Mexican  word 
maraguanquOy  meaning  an  intoxicating  plant.  Marijuana 
refers  to  a crude  mixture  of  dried  and  c-rumbled  leaves,  small 
stems,  and  flowering  tops.  Although  marijuana  can  be  con- 
sumed orally  such  as  in  cookies  or  brownies,  it  is  usually 
smoked  either  in  rolled  cigarettes  known  as  “joints,”  in  vari- 
ous kinds  of  pipes,  or  in  hollowed-out  cigars  called  “blunts.” 
Marijuana  potency  (in  terms  of  THC  content)  varies  widely, 
depending  on  the  genetic  strain  of  the  plant  as  well  as  its 
growing  conditions.  One  method  of  significantly  increasing 
potency  is  to  prevent  pollination  and  hence  seed  production 
by  the  female  plants.  Marijuana  produced  by  this  method  is 
called  sinsemilla  (meaning  “without  seeds”). 

Another  type  of  cannabis  derivative  is  hashish,  which  also 
may  be  smoked  or  eaten  (Figure  13.3).  Hashish  potency 
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Figure  1 3.3  The  potent  form  of  cannabis  called  hashish 

greatly  depends  on  how  it  has  been  prepared.  In  the  Middle 
and  Far  East,  for  example,  hashish  generally  refers  to  a rela- 
tively pure  resin  preparation  with  a very  high  cannabinoid 
content.  Alternatively,  the  term  may  be  used  to  describe  sol- 
vent extracts  of  leaves  or  resin  that  are  more  variable  in  their 
potency.  A particularly  powerful  type  of  hashish  is  called 
hash  oil.  This  is  an  alcoholic  extract  that  has  been  reduced 
to  an  oily,  viscous  liquid  ranging  in  color  from  amber  to 
black.  A single  drop  of  hash  oil  may  be  placed  on  a standard 
tobacco  cigarette  and  smoked,  or  a drop  may  be  added  to  a 
marijuana  cigarette  to  effectively  double  the  dose. 

Cannabis  is  believed  to  have  originated  in  central  Asia, 
probably  China.  There  is  archeological  evidence  for  the  use  of 
hemp  fibers  8000  years  ago  (Figure  13.4).  Medical  and  reli- 
gious use  of  cannabis  can  be  traced  back  to  ancient  China  and 
India.  From  there,  the  substance  spread  to  the  Arab  world, 
where  the  consumption  of  hashish  became  commonplace. 
Indeed,  hashish  is  frequently  mentioned  in  the  Arabian  folk 
stories  that  comprise  The  Thousand  and  One  Nights.  However, 
Western  interest  in  this  substance  did  not  begin  until  the  early 
to  mid-nineteenth  century,  when  some  of  Napoleon’s  soldiers 


reportedly  brought  hashish  from  Egypt  back  with  them  to 
France.  Around  the  same  time,  a French  physician  named 
Jacques-Joseph  Moreau  encountered  the  intoxicating  effects  of 
hashish  in  the  course  of  several  trips  to  the  Middle  East.  After 
returning  to  Paris,  Moreau  helped  found  a notorious  associa- 
tion of  French  writers  and  artists  known  as  Le  Club  des 
Haschischins  (“club  of  the  hashish  eaters”),  which  included 
such  notables  as  Victor  Hugo,  Alexandre  Dumas,  Theophile 
Gautier,  and  Charles  Baudelaire. 

The  history  of  cannabis  in  the  United  States  dates  back  to 
the  colonial  era,  when  hemp  was  an  important  agricultural 
commodity.  No  less  than  George  Washington  himself  was  a 
hemp  farmer,  which  is  ironic  in  view  of  the  patriotic  fervor 
associated  with  the  contemporary  “War  on  Drugs.”  Yet 
domestic  hemp  growers  of  the  seventeenth  and  eighteenth 
centuries  apparently  had  little  awareness  of  the  plants  intox- 
icating properties.  Rather,  historians  believe  that  the  social 
practice  of  consuming  cannabis  (mainly  marijuana  smok- 
ing) was  brought  into  the  United  States  in  the  early  1900s  by 
Mexican  immigrants  crossing  the  Mexican-American  bor- 
der and  by  Caribbean  seamen  and  West  Indian  immigrants 
entering  the  country  by  way  of  New  Orleans  and  other  ports 
on  the  Gulf  of  Mexico. 

Marijuana  use  rapidly  spread  outward  from  these  points 
of  origin.  As  a consequence  of  the  antimarijuana  campaign 
described  earlier,  the  federal  government  passed  the  Marijua- 
na Tax  Act  in  1937.  This  legislation  instituted  a national  reg- 
istration and  taxation  system  aimed  at  discouraging  all  use  of 
cannabis  for  commercial,  recreational,  and  medical  purposes. 
Although  the  Marijuana  Tax  Act  was  overturned  as  unconsti- 
tutional by  the  U.S.  Supreme  Court  in  1969,  marijuana  and 
other  forms  of  cannabis  remain  tightly  regulated  by  state  laws 
and  by  the  federal  Controlled  Substances  Act  of  1970. 

Basic  Pharmacology  of  Marijuana 

Modern  cannabinoid  pharmacology  began  in  1964,  when 
two  Israeli  researchers  named  Gaoni  and  Mechoulam  identi- 
fied THC  as  the  major  active  ingre- 
dient of  C.  sativa  (Figure  13.5). 
Among  the  many  other  cannabi- 
noids present  are  cannabinol  and 
cannabidiol,  but  these  compounds 
are  not  thought  to  contribute  to  the 
psychoactive  properties  of  cannabis. 
Later  on,  we  will  discuss  the  brain's 
own  chemicals  that  mimic  the 
effects  of  THC  and  we  will  also  con- 
sider the  development  of  selective 
cannabinoid  antagonists  that  have 
contributed  significantly  to  research 
in  this  area. 


8000  B.c.  2700  B.c.  2000  B.c.  1000  a.d.  1850s  1937  1996 

Figure  1 3.4  An  8000-year  time  line  of  cannabis  use  around  the  world 

(Adapted  from  Childers  and  Breivogel,  1998.) 
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Figure  1 3.5  Chemical  structure  of  A9-tetrahydro- 
cannabinol  (THC) 


A typical  hand-rolled  marijuana  cigarette  (“joint”)  consists 
of  around  0.5  to  1 gram  of  cannabis.  If  the  THC  content  is  4% 
(though  it  can  be  even  higher  depending  on  the  strain  and 
growing  conditions),  then  a 1-gram  joint  contains  40  mg  of 
active  ingredient  that  is  available  to  the  smoker.  As  in  the  case 
of  nicotine  in  tobacco  leaves  (see  Chapter  12),  burning  of  the 
marijuana  causes  the  THC  to  vaporize  and  to  enter  the  smok- 
er s lungs  in  small  particles.  But  due  to  a variety  of  factors,  only 
about  20%  of  the  original  THC  content  is  absorbed  in  the 
lungs.  In  practice,  the  amount  of  THC  absorbed  is  affected  not 
only  by  the  initial  amount  of  plant  material  used  and  the 
potency  of  this  material  but  also  by  the  pattern  of  smoking. 
Experienced  marijuana  users  adjust  their  puff  volumes  and 
puff  frequency  to  carefully  regulate  the  behavioral  effects  of 
the  drug.  Another  widely  used  technique  is  to  hold  the  smoke 
in  one’s  lungs  for  the  purpose  of  enhancing  the  drug’s  effec- 
tiveness. Most  experimental  studies  involving  controlled  mar- 
ijuana smoking  have  surprisingly  failed  to  show  that  breath- 
hold  duration  influences  the  subjective  “high.”  However,  Block 
and  coworkers  (1998)  found  a modest  but  statistically  signifi- 
cant increase  in  the  reported  “high”  with  a breathhold  dura- 
tion of  15  seconds  compared  to  7 seconds.  Consequently,  it  is 
possible  that  longer  breathholds  may  have  at  least  some  influ- 
ence on  the  smoker’s  response  to  the  marijuana. 

THC  is  readily  absorbed  through  the  lungs,  resulting  in 
rapidly  rising  levels  in  the  blood  plasma  of  the  smoker  (Fig- 
ure 13.6).  After  peak  levels  are  reached,  plasma  THC  concen- 
trations begin  to  decline  due  to  a combination  of  metabo- 
lism in  the  liver  and  accumulation  of  the  drug  in  the  body’s 
fat  stores.  In  contrast,  oral  consumption  of  marijuana  leads 
to  prolonged  but  poor  absorption  of  THC,  thus  resulting  in 
low  and  variable  plasma  concentrations.  The  reduced  bio- 
availability of  THC  following  oral  consumption  compared 
to  smoking  probably  results  from  both  degradation  in  the 
stomach  and  first-pass  hepatic  metabolism.  That  is,  once 
orally  ingested  THC  has  been  absorbed  from  the  gastroin- 
testinal tract,  it  must  pass  through  the  liver,  where  much  of  it 
is  metabolized  before  it  can  enter  the  general  circulation. 

THC  is  converted  into  several  metabolites,  notably  11- 
hydroxy-THC  and  11-nor-carboxy-THC  (THC-COOH). 
These  substances  as  well  as  various  minor  metabolites  are 


Figure  1 3.6  Mean  time  course  of  plasma  THC  concentra- 
tions in  subjects  who  smoked  a marijuana  cigarette  containing 
approximately  9 mg  of  THC  at  the  two  time  points  indicated  by 
the  arrows.  (After  Agurell  et  al.,  1 986.) 


excreted  primarily  in  the  feces  (about  two-thirds  of  the 
administered  dose)  and  the  urine  (about  one-third  of  the 
administered  dose).  Even  though  THC  levels  in  the  blood- 
stream decline  fairly  rapidly  after  one  smokes  marijuana, 
complete  elimination  from  the  body  is  much  slower  due  to 
persistence  of  the  drug  in  fat  tissue.  Consequently,  the  elimi- 
nation rate,  or  half-life  (t1/2),  of  THC  is  generally  estimated  at 
around  20  to  30  hours.  Furthermore,  the  gradual  movement 
of  THC  and  fat-soluble  metabolites  back  out  of  fat  stores 
means  that  sensitive  urine  screening  tests  for  THC-COOH 
can  detect  the  presence  of  this  metabolite  more  than  2 weeks 
following  a single  marijuana  use. 


Section  Summary 

Cannabis  sativa , the  flowering  hemp  plant,  exudes  a resin 
containing  a number  of  unique  compounds  known  as 
cannabinoids.  Cannabis  can  be  obtained  in  several  different 
types  of  preparations,  including  marijuana  and  hashish,  both 
of  which  may  be  smoked  or  taken  orally.  The  consumption 
of  cannabis  for  its  intoxicating  effects  is  thought  to  date  back 
thousands  of  years  in  Eastern  cultures.  The  practice  of  mari- 
juana smoking  was  introduced  into  the  United  States  in  the 
early  1900s  by  Mexican  and  West  Indian  immigrants. 

The  most  important  naturally  occurring  cannabinoid  is 
A9-tetrahydrocannabinol  (THC).  Inhaled  THC  is  rapidly 
absorbed  from  the  lungs  into  the  circulation,  where  it  is 
almost  completely  bound  to  plasma  proteins.  Oral  THC  con- 
sumption yields  slower  absorption  and  a lower  plasma  peak 
than  occurs  following  smoking.  THC  is  extensively  metabo- 
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lized  in  the  liver,  and  the  metabolites  are  excreted  mainly  in 
the  feces  and  urine.  Following  a single  dose  of  THC,  total 
clearance  of  the  drug  and  its  metabolites  may  take  days 
because  of  sequestration  of  these  compounds  in  fat  tissue. 


Mechanisms  of  Action 

Cannabinoid  effects  are  mediated  by 
cannabinoid  receptors 

For  many  years,  researchers  interested  in  how  THC  and  other 
cannabinoids  work  .in  the  brain  were  hampered  by  the  lack 
of  an  identified  cellular  receptor  for  these  compounds.  In 
1988,  however,  pharmacological  characterization  of  a central 
nervous  system  (CNS)  cannabinoid  receptor  was  announced 
by  a group  of  researchers  that  included  William  Devane  and 
Allyn  Howlett  at  St.  Louis  University  and  Lawrence  Melvin 
and  M.  Ross  Johnson  at  the  Pfizer  pharmaceutical  company 
(Devane  et  al.,  1988).  This  initial  characterization  was  quick- 
ly followed  by  other  studies  showing  significant  expression 
of  cannabinoid  receptors  in  many  brain  areas  such  as  the 
basal  ganglia  (including  the  striatum,  globus  pallidus, 
entopeduncular  nucleus,  and  substantia  nigra  pars  reticu- 
laris), cerebellum,  hippocampus,  and  cerebral  cortex  (Figure 
13.7).  As  discussed  later,  localization  of  cannabinoid  recep- 
tors in  these  areas  is  consistent  with  the  recognized  behav- 
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ioral  effects  of  these  compounds  on  locomotor  activity,  coor- 
dination, and  memory. 

Around  the  same  time  that  the  St.  Louis  University  and  Pfiz- 
er researchers  were  first  characterizing  the  cannabinoid  recep- 
tor pharmacologically,  another  group  of  scientists  at  the 
National  Institute  of  Mental  Health  (NIMH)  including  Lisa 
Matsuda  and  Tom  Bonner  cloned  a novel  gene  from  rat  cere- 
bral cortex  that  coded  for  a membrane  protein  with  the  char- 
acteristics of  a G protein-coupled  receptor.  Further  studies 
revealed  that  these  investigators,  who  were  working  on  an  unre- 
lated problem,  had  actually  cloned  the  gene  for  the  rat  brain 
cannabinoid  receptor  (Matsuda  et  al.,  1990).  This  is  a good 
example  of  an  approach  that  is  sometimes  called  reverse  phar- 
macology, namely  the  cloning  of  a novel  receptor  gene,  the 
identity  of  which  must  then  be  determined  by  more  classical 
pharmacological  methods.  The  CNS  cannabinoid  receptor  is 
currently  designated  CBr  An  additional  cannabinoid  receptor, 
CB2,  was  discovered  later;  however,  this  receptor  will  not  be 
discussed  further  because  it  is  found  primarily  in  the  immune 
system  and  does  not  seem  to  be  expressed  in  the  brain. 

CB{  receptors  belong  to  the  broad  family  of  metabotrop- 
ic receptors.  The  CBL  receptors  exert  a variety  of  cellular 
effects,  the  most  important  of  which  involve  inhibition  of 
cyclic  adenosine  monophosphate  (cAMP)  formation,  inhi- 
bition of  voltage-sensitive  Ca2+  channels,  and  activation  of 
K+  channel  opening.  Electron  microscopy  in  conjunction 
with  antibodies  against  the  CBX  receptor  have  been  used  to 
determine  the  location  of  these  receptors  within  the  synapse. 
In  most  instances,  CB{  receptors  have  been  shown  to  exist  on 
the  axon  terminal  instead  of  the  postsynaptic  cell.  By  activat- 
ing these  presynaptic  receptors,  cannabinoids  can  inhibit  the 
release  of  many  different  neurotransmitters  including  acetyl- 
choline, dopamine,  norepinephrine,  serotonin,  glutamate, 
and  GABA  (y-aminobutyric  acid)  (Iversen,  2003). 

A complete  understanding  of  any  receptor  requires  the 
development  and  testing  of  selective  antagonists  in  addition 
to  agonists  at  that  receptor.  Although  THC,  the  classical 
cannabinoid  receptor  agonist,  was  isolated  40  years  ago,  it 
wasn’t  until  1994  that  the  first  useful  antagonist  was  intro- 
duced. This  compound,  called  SR  141716  (also  known  as 
rimonabant),  was  developed  by  a team  of  scientists  at  the 
French  pharmaceutical  firm  Sanofi  Recherche.  Not  only  is  SR 
141716  a potent  and  selective  antagonist  at  CB1  receptors,  it 
is  also  orally  active,  which  means  that  it  can  readily  be 
administered  to  humans.  Later  we  shall  see  how  this  com- 
pound has  helped  researchers  clarify  the  behavioral  and 
physiological  functions  mediated  by  CB{  receptors. 


Figure  1 3.7  Autoradiogram  of  a horizontal  section 
through  a rat  brain  showing  the  distribution  of  CB1  cannabi- 
noid receptors.  Color  coding  of  receptor  density:  yellow  > 
orange  > red  > blue.  (Courtesy  of  Miles  Herkenham,  National 
Institute  of  Mental  Health.) 


Endocannabinoids  are  cannabinoid  agonists 
synthesized  by  the  brain 

The  discovery  and  characterization  of  cannabinoid  receptors 
finally  enabled  pharmacologists  to  study  the  cellular  mecha- 


332  Chapter  13 


nisms  by  which  marijuana  produces  its  behavioral  effects.  Yet 
why  should  our  brain  possess  receptors  for  substances  made 
by  a plant?  This  situation  is  reminiscent  of  the  quandary 
faced  by  opiate  researchers  when  opioid  receptors  were  first 
identified  as  mediating  the  actions  of  morphine,  which 
comes  from  a poppy  plant  (see  Chapter  10).  Accordingly,  the 
same  assumption  was  made  that  there  must  be  an  endoge- 
nous neurotransmitter-like  substance  that  acts  on  the  newly 
discovered  receptors.  Within  a few  years,  a group  headed  by 
Raphael  Mechoulam,  the  same  Israeli  scientist  involved  in 
the  discovery  of  THC  almost  30  years  earlier,  announced  that 
they  had  isolated  a substance  with  cannabinoid-like  activity 
from  pig  brain  (Devane  et  al.,  1992).  Chemical  analysis 
revealed  the  substance  to  be  a lipid  with  a structure  similar 
to  that  of  arachidonic  acid.  The  formal  chemical  name  of  this 
substance  is  arachidonoyl  ethanolamide,  but  the  researchers 
gave  it  the  additional  name  anandamide,  from  the  Indian 
Sanskrit  word  ananda , meaning  “bringer  of  inner  bliss  and 
tranquility”  (Felder  and  Glass,  1998,  p.  186).  Later  studies 
demonstrated  the  existence  of  other  arachidonic  derivatives 
such  as  2-arachidonoylglycerol  (2-AG)  that  also  bind  to  and 
activate  CB{  receptors  (Figure  13.8).  Together,  these  sub- 
stances have  come  to  be  known  as  endocannabinoids, 
meaning  endogenous  cannabinoids. 

The  endocannabinoids  are  generated  from  arachidonic 
acid,  a fatty  acid  commonly  found  in  membrane  phospho- 
lipids. Unlike  the  classical  neurotransmitters,  however,  they 
are  too  lipid  soluble  to  be  stored  in  vesicles  since  they  would 
just  pass  right  through  the  vesicle  membrane.  Thus 
researchers  believe  that  endocannabinoids  are  made  and 
released  when  needed.  One  mechanism  for  triggering  endo- 
cannabinoid  release  is  a rise  in  intracellular  Ca2+  levels, 
which  follows  from  the  fact  that  some  of  the  enzymes 
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2-Arachidonylglycerol  (2-AG) 

Figure  1 3.8  Chemical  structures  of  the  endocannabi- 
noids anandamide  and  2-arachidonylglycerol  (2-AG) 


involved  in  the  generation  of  these  compounds  are  Ca2+ 
sensitive. 

After  being  released,  endocannabinoids  are  taken  up  from 
the  extracellular  fluid  by  a specific  transport  protein.  This 
process  appears  to  be  important  in  terminating  the  biological 
action  of  these  substances,  as  inhibition  of  the  transporter  by 
a drug  called  N-(4-hydroxyphenyl)arachidonylamide  (AM 
404)  enhanced  the  effects  of  anandamide  both  in  animals 
and  in  a cell  culture  system  (Beltramo  et  al.,  1997).  Once 
inside  the  cell,  endocannabinoids  can  be  metabolized  by  sev- 
eral enzymes,  the  best  known  of  which  is  fatty  acid  amide 
hydrolase  (FAAH).  Cravatt  and  colleagues  (2001)  demon- 
strated an  important  role  for  FAAH  in  anandamide  break- 
down by  showing  that  genetic  knockout  mice  lacking  this 
enzyme  had  greatly  elevated  anandamide  levels  in  the  brain. 

Based  on  the  discovery  that  many  cannabinoid  receptors 
are  localized  presynaptically,  we  might  suspect  that  endo- 
cannabinoids are  often  released  from  postsynaptic  cells  to  act 
on  nearby  nerve  terminals.  When  a signaling  molecule  car- 
ries information  in  the  opposite  direction  from  normal  (that 
is,  postsynaptic  to  presynaptic),  it  is  called  a retrograde  mes- 
senger. One  such  retrograde  messenger  discussed  in  Chap- 
ter 3 is  the  gas  nitric  oxide.  Researchers  now  hypothesize  that 
endocannabinoids  are  also  retrograde  messengers  at  specific 
synapses  in  the  hippocampus  and  cerebellum  (Piomelli, 
2003;  Wilson  and  Nicoll,  2002).  These  substances  are  synthe- 
sized and  released  in  response  to  depolarization  of  the  post- 
synaptic cell  due  to  the  influx  of  Ca2+  through  voltage-gated 
Ca2+  channels.  Following  their  release,  the  endocannabinoids 
cross  the  synaptic  cleft,  activate  CBj  receptors  on  the  nerve 
terminal,  and  inhibit  Ca2+-mediated  neurotransmitter 
release  from  the  terminal.  In  the  hippocampus,  for  example, 
the  endocannabinoids  are  generated  by  the  pyramidal  neu- 
rons, which  are  the  principal  output  neurons  of  the  hip- 
pocampus. The  endocannabinoids  diffuse  to  the  nearby  ter- 
minals of  GABAergic  interneurons  that  normally  suppress 
the  firing  of  the  pyramidal  cells.  The  resulting  inhibition  of 
GABA  release  temporarily  permits  the  pyramidal  cells  to  fire 
more  rapidly  (Figure  13.9).  Given  the  widespread  distribu- 
tion of  cannabinoid  receptors  in  the  brain,  it  is  possible  that 
many  more  examples  of  retrograde  signaling  by  endo- 
cannabinoids will  be  discovered  in  future  studies. 


Section  Summary 

Significant  progress  has  been  made  in  our  understanding  of 
the  mechanisms  of  cannabinoid  action.  Two  cannabinoid 
receptors,  CB}  and  CB2,  have  been  identified  and  their  genes 
cloned.  Only  the  CB1  receptor  is  found  in  the  brain,  where  it 
is  expressed  at  a high  density  in  the  basal  ganglia,  cerebel- 
lum, hippocampus,  and  cerebral  cortex.  Cannabinoid  recep- 
tors belong  to  the  G protein-coupled  receptor  superfamily. 
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Figure  1 3.9  Retrograde  signaling  by  endocannabinoids  reduces  GABAergic 
inhibition  of  pyramidal  neurons  in  the  hippocampus.  Endocannabinoids  released 
by  the  pyramidal  neurons  are  thought  to  diffuse  back  to  the  nerve  terminals  of  GABAergic 
interneurons  that  normally  inhibit  the  pyramidal  cells.The  endocannabinoids  activate 
presynaptic  CB1  receptors,  which  in  turn  suppress  Ca2+  channel  opening  through  a G pro- 
tein-mediated mechanism. The  resulting  decrease  in  Ca2+  influx  into  the  terminals  reduces 
GABA  release  and  allows  the  pyramidal  cells  to  fire  more  readily. 


Receptor  activation  can  inhibit  cAMP  formation,  inhibit 
voltage-sensitive  Ca2+  channels,  and  activate  K+  channels. 
Many  CBL  receptors  are  located  on  axon  terminals,  where 
they  act  to  inhibit  the  release  of  many  different  neurotrans- 
mitters. Studies  on  the  function  of  CB1  receptors  have  been 
aided  by  the  development  of  a selective  antagonist,  SR 
141716. 

The  brain  synthesizes  several  substances,  called  endo- 
cannabinoids, that  are  neurotransmitter-like  agonists  at 
cannabinoid  receptors.  Anandamide  was  the  first  endo- 


cannabinoid  to  be  discovered,  and  it 
is  the  best  characterized  member  of 
the  group.  Endocannabinoids  are 
generated  on  demand  from  arachi- 
donic  acid  and  released  from  the  cell 
by  a process  that  does  not  involve 
synaptic  vesicles.  They  are  removed 
from  the  extracellular  space  by  an 
uptake  process  and  they  are  degrad- 
ed by  several  enzymes,  including 
fatty  acid  amide  hydrolase.  In  cer- 
tain populations  of  synapses  in  the 
hippocampus  and  cerebellum, 
endocannabinoids  function  as 
important  retrograde  messengers. 
They  are  released  from  postsynaptic 
cells  in  a Ca2+-dependent  manner, 
travel  to  nearby  nerve  terminals  that 
carry  CB1  receptors,  and  inhibit 
neurotransmitter  release  from  the 
terminals. 


Acute  Behavioral  and 
Physiological  Effects  of 
Cannabinoids 

Cannabis  consumption 
produces  a dose-dependent 
state  of  intoxication 
in  humans 

The  earliest  recorded  clinical  studies 
on  the  intoxicating  properties  of 
cannabis  were  performed  by  Moreau, 
the  French  physician  mentioned 
earlier  who  introduced  hashish  to 
nineteenth-century  Parisian  literary 
society.  Moreau,  who  is  sometimes 
called  the  ’’father  of  psychopharma- 
cology,” became  interested  in  the 
possible  relationship  between  ha- 
shish intoxication  and  the  characteristics  of  mental  illness. 
Consequently,  he  and  his  students  meticulously  recorded 
their  subjective  experiences  after  consuming  varying 
amounts  of  hashish.  Due  to  the  potency  of  their  preparation, 
these  individuals  reported  profound  personality  changes  and 
perceptual  distortions,  even  frank  hallucinations/  Hallu- 


*Moreau’s  work  culminated  in  a book  entitled  Du  Hachich  et  de 
V alienation  mentale  (Hashish  and  Mental  Alienation),  major 
excerpts  of  which  can  be  found  in  Nahas  (1975). 
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BOX  13.1 


Clinical  Applications 


Therapeutic  Uses  of 
Cannabinoids 


Medicinal  use  of  cannabis  in  various 
cultures  can  be  traced  back  for  many 
hundreds,  perhaps  thousands,  of 
years.  During  the  late  nineteenth  and 
early  twentieth  centuries,  crude 
cannabis  extracts  were  accepted 
pharmaceuticals  in  Europe  and  the 
United  States.  Indeed,  six  different 
types  of  cannabis  preparations  were 
listed  in  an  early  edition  of  The  Merck 
Index  (1 896)  of  pharmaceutical  com- 
pounds. However,  the  medicinal  use 
of  cannabis  gradually  declined,  in  part 
because  the  available  preparations 
tended  to  be  unstable  and  had  incon- 
sistent potency.  Interest  in  the  possi- 
ble therapeutic  benefits  of  cannabi- 
noids was  later  revived  following  the 
discovery  of  THC  and  the  subsequent 
manufacture  and  testing  of  various 
synthetic  compounds.  At  present, 
both  dronabinol,  a synthetic  form  of 


THC  sold  under  the  trade  name  Mari- 
nol,and  the  THC  analog  nabilone 
(trade  name  Cesamet)  are  prescribed 
in  oral  form  for  the  treatment  of  nau- 
sea and  emesis  (vomiting)  in  cancer 
chemotherapy  patients  who  are  not 
helped  by  other  antiemetics.  Dronabi- 
nol is  also  approved  for  use  as  an 
appetite  stimulant  in  AIDS  patients 
suffering  from  anorexia-cachexia 
(wasting  syndrome).  Patients  contem- 
plating use  of  these  drugs  should  be 
aware  that  they  can  produce  various 
side  effects  such  as  sedation,  dizzi- 
ness, confusion,  dry  mouth,  and  mild 
euphoria.  Alternatively, dysphoria  may 
occur  in  people  unfamiliar  with  the 
effects  of  smoked  marijuana.  Fortu- 
nately, such  side  effects  tend  to  be 
greatest  when  the  drug  is  first  taken 
and  generally  diminish  within  a few 
days  or  weeks. 

Anecdotal  reports,  laboratory 
experiments, and,  in  some  cases,  limit- 
ed clinical  studies  have  suggested  a 
potential  role  for  cannabinoids  in 
treating  a number  of  other  disorders 


besides  chemotherapy-induced  nau- 
sea and  AIDS  wasting  syndrome.These 
include  chronic  pain  (especially  neuro- 
pathic pain),  spastic  disorders  such  as 
multiple  sclerosis  and  partial  spinal 
cord  injury, and  glaucoma  (see  Nahas 
et  al.,  1 999). There  is  even  recent  evi- 
dence that  cannabinoids  exert  neuro- 
protective  effects  in  animal  models  of 
traumatic  brain  injury  (Mechoulam  et 
al.,  2002),  thus  raising  the  possibility  of 
developing  novel  treatments  for 
brain-injured  patients.  For  some  of 
these  conditions, for  example  glauco- 
ma, the  benefits  of  cannabinoid 
administration  have  been  known  for 
many  years.  However,  at  least  three 
important  factors  have  conspired  to 
slow  the  development  of  new  clinical 
applications  for  these  compounds:  (1) 
lack  of  large-scale,  controlled  clinical 
studies;  (2)  concerns  about  cannabi- 
noid psychoactivity;  and  (3)  issues 
related  to  the  route  of  administration. 

First,  the  lack  of  major  clinical  stud- 
ies can  be  attributed  at  least  partly  to 
the  federal  government's  attitudes 


cinogenic  responses  have  also  been  reported  either  following 
a high  dose  of  pure  THC  administered  to  subjects  in  a 
research  setting  or  as  an  occasional  side  effect  of  ingesting  a 
synthetic  cannabinoid  for  medicinal  purposes  (Box  13.1) 
(Koukkou  and  Lehmann,  1976;  Timpone  et  al.,  1997). 

The  lower  cannabis  doses  associated  with  smoking  one  or 
two  marijuana  cigarettes  produce  a somewhat  more  modest 
reaction,  although  many  of  the  same  kinds  of  effects  are 
found  across  the  dose-response  curve.  As  summarized  in 
Iversen  (2000),  the  subjective  and  behavioral  effects  com- 
monly associated  with  marijuana  use  can  be  separated  into 
four  stages:  the  “buzz,”  the  “high,”  the  stage  of  being  “stoned,” 
and  finally  the  “come-down.”  The  buzz  is  a brief  period  of 
initial  responding  during  which  the  user  may  feel  lighthead- 
ed or  even  slightly  dizzy.  Tingling  sensations  in  the  extremi- 
ties and  other  parts  of  the  body  are  commonly  experienced. 
The  marijuana  “high”  is  characterized  by  feelings  of  euphoria 
and  exhilaration,  as  well  as  a sense  of  disinhibition  that  is 
often  manifested  as  increased  laughter.  If  the  user  has  taken  a 
sufficiently  large  amount  of  marijuana,  his  level  of  intoxica- 


tion progresses  to  the  stage  of  being  stoned.  In  this  stage,  the 
user  usually  feels  calm,  relaxed,  perhaps  even  in  a dreamlike 
state.  Indeed,  relaxation  is  the  most  common  effect  reported 
by  cannabis  users  in  self-report  studies  involving  open-ended 
questions  (Green  et  al.,  2003).  Sensory  reactions  experienced 
by  users  in  the  stage  of  being  stoned  include  floating  sensa- 
tions, enhanced  visual  and  auditory  perception,  visual  illu- 
sions, and  a tremendous  slowing  of  time  passage.  Sociability 
can  undergo  different  types  of  changes,  in  that  the  user  may 
experience  either  an  increased  desire  to  be  with  others  or  a 
desire  to  be  alone. 

Marijuana  and  other  forms  of  cannabis  also  produce  sev- 
eral physiological  responses.  There  is  increased  blood  flow  to 
the  skin,  which  leads  to  sensations  of  warmth  or  flushing. 
Heart  rate  is  stimulated,  which  may  be  experienced  by  the 
user  as  a pounding  pulse.  Finally,  marijuana  seems  to 
increase  hunger  (the  infamous  “munchies”),  an  effect  that  is 
more  than  just  street  lore  but  has  actually  been  documented 
in  controlled  laboratory  studies  of  both  humans  (Foltin  et 
al.,  1988)  and  rats  (Williams  et  al.,  1998).  Indeed,  appetite 
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BOX  13.1  (continued) 

and  policies  concerning  cannabis. 

One  effect  of  these  attitudes  and  poli- 
cies has  been  to  discourage  efforts  to 
develop  and  license  new  cannabi- 
noid-based  medications.  In  a 1999 
report  assessing  the  current  scientific 
evidence  regarding  cannabinoid 
pharmacotherapeutics,  the  Institute 
of  Medicine  (IOM)  recommended 
increased  researcbto  evaluate  the 
potential  risks  and  benefits  of 
cannabinoids  in  new  medical  applica- 
tions (Watson  et  al.,  2000).  It  remains 
to  be  seen  whether  the  IOM  report 
will  produce  this  outcome. 

Second,  as  can  be  seen  from  the 
list  of  side  effects  described  in  the  first 
paragraph, existing  cannabinoid  med- 
ications possess  a certain  amount  of 
psychoactivity  even  when  taken  oral- 
ly. Some  physicians  view  this  as  a sig- 
nificant impediment  to  a broader 
acceptance  of  cannabinoids  in  medi- 
cine, presumably  because  of  concerns 
that  patients  might  abuse  or  become 
dependent  on  the  medication. 
Although  there  is  some  risk  that 
cannabinoid  medications  could  be 
abused,  this  has  not  been  shown  to 


occur  with  orally  administered  THC 
(dronabinol)  (Calhoun  et  al.,  1 998). 
Furthermore,  Israeli  researchers  have 
developed  an  unusual  cannabinoid, 
dexanabinol  or  HU-21 1,  that  doesn't 
bind  to  CB1  receptors  and  thus  pro- 
duces no  euphoria. This  compound  is 
a noncompetitive  antagonist  at 
NMDA  (/V-methyl-D-aspartate)  gluta- 
mate receptors  and  also  is  a potent 
antioxidant.  Presumably  because  of 
these  effects,  dexanabinol  has  neuro- 
protective  properties  and  is  currently 
undergoing  clinical  trials  in  Israel  for 
the  treatment  of  brain  injury. 

The  third  factor  influencing  devel- 
opment of  cannabinoid  medications 
involves  the  route  of  administration. 
There  are  numerous  anecdotal 
reports  that  smoked  marijuana  is 
more  effective  than  dronabinol  or 
nabilone  in  treating  the  symptoms  of 
cancer  chemotherapy  or  AIDS 
patients.  Certainly  the  slow  and  vari- 
able absorption  of  orally  adminis- 
tered THC  (see  the  earlier  section  on 
basic  pharmacology)  is  a significant 
limitation  for  this  route  of  administra- 
tion, as  is  the  dysphoria  reported  by 


some  patients.  Based  on  these  con- 
siderations^ number  of  states  have 
enacted  laws  legalizing  marijuana 
use  for  medicinal  purposes.  On  the 
other  hand,  daily  marijuana  smoking 
is  not  medically  acceptable  for  indi- 
viduals who  will  require  many  years 
of  treatment  (for  example,  multiple 
sclerosis  or  glaucoma  sufferers)  due 
to  potential  respiratory  system  dam- 
age or  even  cancer.  In  addition,  raw 
marijuana  often  contains  bacteria 
and/or  fungi  that  pose  a serious  risk 
of  infection  for  immunocompromised 
AIDS  patients.The  IOM  report  recom- 
mended that  smoked  marijuana 
should  be  considered  for  therapeutic 
use  only  for  short  periods  of  time  (<6 
months),  only  in  patients  with  debili- 
tating symptoms  who  have  not 
responded  to  other  treatments,  and 
only  under  medical  supervision. The 
report  also  urged  the  development  of 
new  modes  of  cannabinoid  delivery, 
such  as  inhalers  or  skin  patches,  that 
would  be  as  safe  as  oral  administra- 
tion but  that  would  provide  greater 
drug  bioavailability  and  (in  the  case 
of  an  inhaler)  more  rapid  delivery. 


stimulation  is  one  of  the  recognized  therapeutic  uses  for 
cannabinoids  (Box  13.1). 

Huestis  and  her  colleagues  at  the  National  Institute  on 
Drug  Abuse  have  shown  that  the  subjective  effects  of  smoked 
marijuana  are  at  least  partially  mediated  by  CB,  receptors 
(Huestis  et  al.,  2001).  Their  studies  found  that  self-reported 
ratings  of  “feeling  high”  and  “feeling  stoned”  were  signifi- 
cantly though  not  completely  inhibited  by  prior  treatment 
with  90  mg  of  the  CB1  antagonist  SR  141716  (Figure  13.10). 
Similar  results  were  found  for  the  heart  rate-elevating  effects 
of  the  drug.  Either  a higher  dose  of  the  antagonist  is  needed 
to  fully  block  the  effects  of  marijuana  or  some  other  mecha- 
nism in  addition  to  CB1  receptor  activation  is  involved  in 
producing  these  effects. 

On  occasion,  marijuana  use  evokes  a psychopathological 
response,  including  strong  feelings  of  anxiety  or  panic,  feel- 
ings of  paranoia,  and  even  a state  of  delirium.  Adverse  reac- 
tions are  most  likely  to  be  reported  by  first-time  users, 
although  regular  users  may  also  experience  these  effects  if 
they  consume  an  unusually  high  dose.  Flashbacks,  which 


are  widely  known  to  occur  in  LSD  users,  have  occasionally 
been  reported  for  marijuana  as  well  (Iversen,  2000). 
Although  some  authors  have  suggested  the  existence  of  a 
specific  cannabis-induced  psychosis,  that  concept  remains 
questionable. 

As  with  most  psychoactive  drugs,  the  psychological  effects 
of  marijuana  vary  greatly  with  the  dose,  the  setting,  the  indi- 
viduals  past  exposure  to  the  drug,  and  his  or  her  mental  set, 
which  refers  to  the  expectation  of  what  effects  the  drug  will 
produce.  The  influence  of  expectancy  was  demonstrated  by 
Kirk  and  coworkers  (1998),  who  gave  subjects  capsules  con- 
taining either  THC  or  a placebo.  The  subjects  were  instruct- 
ed beforehand  that  the  capsules  would  contain  placebo  or 
one  of  several  types  of  psychoactive  compounds,  but  only  for 
the  “informed”  group  were  cannabinoids  included  in  the  list 
of  possible  drugs.  When  asked  to  rate  their  responses  to  the 
substance  they  had  consumed,  the  “informed”  group  gave 
higher  ratings  than  the  “uninformed”  group  in  the  categories 
of  “like”  drug  and  “want  more  drug.”  The  expectation  of  con- 
suming cannabinoids  not  only  enhanced  the  pleasurable 
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Figure  1 3.1 0 Reduction  in  the  subjective  and  physiolog- 
ical effects  of  smoked  marijuana  by  pretreatment  with 
theCB1  cannabinoid  receptor  antagonist  SR  141716 

Subjects  received  90  mg  of  SR  141716  or  a placebo  orally,  after 
which  they  smoked  either  an  active  (2.64%  THC  content)  or  a 
placebo  marijuana  cigarette.  Self-reported  subjective  effects 
and  heart  rate  were  measured  over  the  next  65  minutes.The 
data  shown  represent  the  maximum  mean  effects  of  the  active 
marijuana  cigarette  in  the  presence  or  absence  of  the  receptor 
antagonist.  (After  Huestis  et  al.,  2001 .) 


effects  of  actual  cannabinoid  administration,  but  it  also 
elicited  a more  positive  reaction  when  the  subjects  were  given 
placebo  instead. 

Plasma  THC  levels  peak  much  more  rapidly  following 
intravenous  THC  injection  or  marijuana  smoking  than  after 
oral  ingestion  (Figure  13.11).  Consequently,  users  reach  the 
peak  “high”  sooner  with  the  first  two  routes  of  administra- 
tion. Nevertheless,  users  who  are  smoking  marijuana  do  not 
reach  this  peak  until  some  time  after  the  cigarette  has  been 
finished.  This  delay  means  that  the  maximum  level  of  intox- 
ication occurs  when  plasma  THC  concentrations  are  already 
declining,  suggesting  that  the  brain  and  plasma  THC  con- 
centrations are  not  yet  equilibrated  at  the  time  when  the 
plasma  level  is  peaking.  Another  possible  factor  is  the  con- 
tribution of  active  THC  metabolites  (whose  peak  does  not 
coincide  with  that  of  THC  itself)  to  the  psychoactive  proper- 
ties of  marijuana. 


Figure  1 3.1 1 Time  course  of  plasma  THC  concentrations  as  a 

function  of  route  of  THC  administration.  (After  Agurell  et  al.,  1 986.) 


(A)  Injection  5 mg 
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Marijuana  use  can  lead  to  deficits  in  cognition 
and  psychomotor  performance 

Clinical  accounts  of  marijuana  intoxication  have  often  noted 
deficits  in  thought  processes  and  in  verbal  behavior.  These 
may  include  illogical  or  disordered  thinking,  fragmented 
speech,  and  difficulty  in  remaining  focused  on  a given  topic 
of  conversation.  The  early  descriptive  work  later  gave  rise  to 
quantitative  experimental  assessments  of  marijuana’s  effects 
on  learning,  memory,  and  other  cognitive  processes.  Mari- 
juana or  THC  administration  does  not  appear  to  impair  sub- 
jects’ ability  to  recall  simple,  “real-world”  information.  On 
the  other  hand,  drug-induced  performance  decrements  have 
been  noted  for  a variety  of  verbal,  spatial,  time  estimation, 
and  reaction  time  tasks.  For  example,  Valerie  Curran  and  her 
colleagues  at  University  College  of  London  recently  demon- 
strated dose- dependent  deficits  in  two  different  verbal  mem- 
ory tasks  at  2 and  6 hours  following  oral  THC  administra- 
tion to  infrequent  cannabis  users  (Curran  et  al.,  2002;  Figure 
13.12).  It  is  interesting  to  note  that  significant  prior  marijua- 


Figure  1 3.1 2 Oral  THC  produces  a dose-dependent 
impairment  in  explicit  memory.  Subjects  were  tested  on  a 
variety  of  cognitive  tasks  either  before  or  after  oral  consump- 
tion of  7.5  mg  or  1 5 mg  THC  (dronabinol)  or  a placebo.  Each 
subject  was  tested  under  all  three  conditions  using  a double- 
blind crossover  design.  Explicit  memory,  which  involves  the 
recall  of  specific  information  or  events,  was  examined  using  a 
prose  recall  task  in  which  the  subjects  listened  to  a short  pas- 
sage of  prose  and  were  then  tested  on  their  ability  to  remem- 
ber details  of  the  story  45  minutes  later.Testing  occurred  1 
hour  before  drug  or  placebo  administration  (0  time  point  = 
baseline)  and  again  at  2 and  6 hours  after  treatment.The 
results  shown  in  the  figure  represent  the  differences  in  recall 
scores  at  the  2-  and  6-hour  time  points  compared  to  baseline. 
The  high  dose  of  THC  led  to  a significant  decrement  in  prose 
recall  at  2 hours,  which  corresponds  to  the  approximate  time  of 
peak  plasma  drug  levels  following  oral  administration. The 
lower  dose  of  THC  did  not  differ  significantly  from  the  placebo 
condition.  (After  Curran  et  al.,  2002.) 


na  usage  may  reduce  the  adverse  cognitive  effects  of  acute 
marijuana  exposure,  which  has  led  to  the  hypothesis  that 
behavioral  (“cognitive”)  tolerance  develops  in  heavy  mari- 
juana smokers  (Hart  et  al.,  2001). 

In  addition  to  its  deleterious  effects  on  cognitive  func- 
tioning, marijuana  can  also  negatively  influence  psychomo- 
tor performance.  This  has  been  demonstrated  not  only  under 
controlled  laboratory  conditions  but  also  in  real-world  tasks 
such  as  driving  an  automobile.  Low  doses  of  marijuana  gen- 
erally produce  relatively  few  psychomotor  effects,  particular- 
ly in  subjects  who  have  previous  experience  with  the  sub- 
stance. However,  even  regular  users  show  impaired 
psychomotor  functioning  under  demanding  task  conditions 
(including  driving)  following  a moderate  or  high  dose  of 
marijuana  or  when  a low  dose  of  marijuana  is  combined 
with  alcohol.  It  is  not  surprising,  then,  that  recent  (shortly 
prior  to  driving)  use  of  cannabis  with  or  without  alcohol  has 
been  implicated  as  a risk  factor  in  automobile  accidents 
(Ramaekers  et  al.,  2004).  Based  on  these  results,  it  is  prudent 
for  individuals  to  avoid  driving  or  other  activities  requiring 
operation  of  heavy  machinery  for  a significant  period  of  time 
after  smoking  marijuana. 

Animals  show  a variety  of  behavioral  and 
physiological  responses  to  cannabinoid 
administration 

Following  the  identification  in  1964  of  THC  as  the  major 
biologically  active  constituent  of  cannabis,  researchers  began 
to  examine  the  effects  of  this  drug  on  unconditioned  behav- 
iors in  various  animal  species.  Such  early  studies  quickly 
showed  that  THC  produced  motor  impairment,  catalepsy 
(lack  of  voluntary  movement),  hypothermia,  and  analgesia 
in  mice  and/or  rats.  At  low  doses,  THC  actually  elicits  a mix- 
ture of  excitatory  and  depressant  effects.  At  higher  doses,  the 
drug  produces  a more  uniform  motor  depression  and 
catalepsy,  although  hyperactivity  may  be  seen  initially  as  the 
plasma  drug  concentration  rises.  Most  of  the  behavioral 
effects  of  THC  are  abolished  in  CB{  receptor  knockout  mice, 
thereby  confirming  that  these  effects  are  mediated  by  CBj 
receptor  activation  (Ledent  et  al.,  1999;  Zimmer  et  al.,  1999). 

Given  the  adverse  effects  of  cannabinoids  on  human  cog- 
nitive function,  researchers  have  sought  to  determine  whether 
these  drugs  also  influence  learning  or  memory  in  laboratory 
animals.  The  results  of  this  work  indicate  that  cannabinoids 
disrupt  memory  in  several  different  kinds  of  learning  tasks, 
including  the  radial  arm  maze,  Morris  water  maze,  and 
delayed  non-match-to-position  task  (see  Chapter  4).  More- 
over, cannabinoids  can  impair  radial  arm  maze  performance 
when  injected  directly  into  the  hippocampus  (Lichtman  et  al., 
1995),  a structure  that  is  critical  for  spatial  learning  and  that  is 
also  rich  in  CB}  receptors.  Activation  of  these  receptors 
decreases  hippocampal  synaptic  transmission  and  interferes 


338  Chapter  13 


(A) 


(B) 


(C) 


120 


100  - 


-2.  80  - 
§ 

rB  60 
O) 

a 


w 


40  - 


20  - 


- CB!+/+ 
■ CBr/- 


1 2 3 

Trial 


Figure  1 3.1 3 CB1  receptor  knockout  mice  show  impaired  reversal  learning  in 
the  Morris  water  maze.  Knockout  (CB^7-)  and  wild-type  (CB1+/+)  mice  were  first  trained 
to  swim  to  a hidden  platform  in  the  Morris  water  maze.The  groups  did  not  differ  with 
respect  to  acquisition  of  this  task. Then  a reversal  procedure  was  instituted  in  which  the 
platform  was  moved  to  the  opposite  side  of  the  tank.The  figure  shows  the  results 
obtained  over  four  trials  under  reversal  conditions.The  CB^7"  mice  were  significantly 
impaired  in  learning  the  new  platform  location  as  shown  by  (A)  longer  latencies  to  reach 
the  platform,  (B)  greater  swimming  path  lengths,  and  (C)  a greater  number  of  returns  to 
the  previous  location  of  the  hidden  platform.  (After  Varvel  and  Lichtman,2002.) 


with  long-term  potentiation,  an  impor- 
tant form  of  synaptic  plasticity  thought 
to  underlie  at  least  some  forms  of 
learning  (see  Chapter  7).  Thus  it  is  pos- 
sible that  many  of  the  acute  cognitive 
effects  of  marijuana  smoking  in 
humans  are  attributable  to  actions  of 
THC  within  the  hippocampus. 

The  discovery  of  anandamide  and 
the  other  endocannabinoids  has  raised 
interesting  questions  about  whether 
this  signaling  system  might  be  involved 
in  the  normal  regulation  of  the  same 
behavioral  and  physiological  functions 
influenced  by  exogenous  cannabinoids 
such  as  THC.  One  way  to  address  this 
question  is  to  examine  the  effects  of 
administering  the  antagonist  SR 
141716  in  the  absence  of  an  exogenous 
cannabinoid  agonist.  Several  studies 
using  this  approach  reported  cannabi- 
noid antagonist-induced  hyperalgesia 
(increased  pain  sensitivity),  thereby 
raising  the  possibility  that  release  of 
endocannabinoids  may  decrease 
responsiveness  to  certain  types  of 
painful  stimuli  (Calignano  et  al.,  1998; 

Richardson  et  al.,  1998).  SR  141716  administration  also 
reduces  food  consumption  in  both  experimental  animals  and 
human  subjects,  suggesting  a role  for  endogenous  cannabi- 
noids in  provoking  eating  behavior  (Black,  2004).  These  find- 
ings help  explain  why  our  appetite  is  stimulated  by  exposure 
to  exogenous  cannabinoids  either  through  smoked  marijuana 
or  through  orally  ingested  THC.  They  have  also  led  to  the 
clinical  testing  of  SR  141716  as  a possible  antiobesity  agent. 
If  the  clinical  trials  show  a positive  outcome,  then  this  com- 
pound will  join  a growing  list  of  novel  agents  under  develop- 
ment to  treat  the  obesity  problem. 

Potential  endocannabinoid  involvement  in  learning  and 
memory  has  been  investigated  by  comparing  the  perform- 
ance of  CB1  knockout  mice  to  their  wild-type  counterparts. 
Particularly  intriguing  are  two  recent  papers  suggesting  that 
endocannabinoids  may  participate  in  processes  of  forgetting 
or  extinction.  First,  Varvel  and  Lichtman  (2002)  found  that 
whereas  CB{  knockout  mice  exhibited  normal  acquisition  of 
a Morris  water  maze  task,  the  mice  performed  extremely 
poorly  in  a reversal  phase  in  which  the  hidden  platform  was 
moved  to  the  opposite  side  of  the  tank.  The  animals  persist- 
ed in  returning  to  the  original  platform  location,  which 
could  be  interpreted  as  a deficit  in  eliminating  the  memory 
of  their  previously  learned  response  (Figure  13.13A-C).  The 
second  study,  performed  by  Marsicano  and  colleagues 
(2002),  examined  the  possible  involvement  of  endocannabi- 
noids in  acquisition  and  extinction  of  an  auditory  fear-con- 


ditioning task  in  mice.  In  this  type  of  task,  an  auditory  stim- 
ulus such  as  a tone  is  paired  with  foot  shock  during  the 
acquisition  (conditioning)  phase.  As  a result,  the  tone 
becomes  a conditioned  fear  stimulus  that  elicits  freezing 
behavior,  which  is  the  typical  response  of  mice  and  rats  to  a 
fearful  situation.  Extinction  of  conditioned  fear  can  be  exam- 
ined by  conducting  repeated  trials  in  which  the  tone  alone  is 
presented.  Freezing  behavior  should  decrease  under  these 
conditions  if  extinction  mechanisms  are  operating  properly. 
Marsicano  et  al.  found  that  the  acquisition  of  conditioned 
fear  was  normal  in  CBY  knockout  mice.  However,  extinction 
of  the  fear  response  was  impaired  not  only  in  the  knockout 
mice  but  also  in  wild-type  mice  treated  with  SR  141716. 
Moreover,  presentation  of  the  conditioned  stimulus  stimu- 
lated endocannabinoid  release  in  the  basolateral  amygdala,  a 
brain  area  thought  to  be  involved  in  the  extinction  of  aver- 
sively  motivated  responses.  Although  more  work  needs  to  be 
done  before  definite  conclusions  can  be  drawn,  the  results  of 
these  two  studies  support  a significant  role  for  endocannabi- 
noids in  extinction  or  forgetting. 

Cannabinoids  are  reinforcing  to 
both  humans  and  animals 

Cannabinoids  are  obviously  reinforcing  to  users  who  smoke 
marijuana  recreationally  or  consume  cannabis  by  other 
means.  However,  cannabinoid  reinforcement  in  humans  has 
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also  been  studied  under  controlled  laboratory  conditions.  For 
example,  Chait  and  Zacny  (1992)  found  that  regular  marijua- 
na users  could  discriminate  THC-containing  marijuana  ciga- 
rettes from  placebo  cigarettes  containing  no  THC,  and  that 
all  subjects  preferred  the  marijuana  with  THC  when  given  a 
choice.  In  the  same  study,  pure  THC  taken  orally  in  capsule 
form  was  also  preferred  over  a placebo.  Chait  and  Burke 
(1994)  subsequently  related  marijuana  preference  to  THC 
content,  as  users  reliably  selected  marijuana  with  a 1.95% 
THC  content  over  marijuana  containing  only  0.63%  THC. 

As  we  have  seen  in  earlier  chapters,  the  rewarding  and 
reinforcing  properties  of  drugs  can  also  be  studied  in  animals 
using  the  techniques  of  drug-induced  place  conditioning  and 
intravenous  drug  self-administration.  Although  most  drugs 
that  are  abused  by  humans  are  rewarding  or  reinforcing  in 
these  experimental  paradigms,  cannabinoids  were  thought 
to  be  among  the  exceptions  to  this  general  principle  until 
fairly  recently.  However,  it  now  appears  that  the  early  nega- 
tive studies  were  compromised  by  several  factors,  particular- 
ly the  presence  of  aversive  reactions  that  can  result  from  ini- 
tial cannabinoid  exposure,  particularly  at  high  doses. 

In  one  set  of  studies  conducted  by  researchers  at  the 
National  Institute  on  Drug  Abuse,  squirrel  monkeys  were 
shown  to  reliably  self- administer  THC  ( Justinova  et  al.,  2003; 
Tanda  et  al.,  2000).  The  key  factor  in  these  experiments  was 
the  use  of  low  drug  doses  that  are  within  the  range  of  esti- 
mated human  THC  intake  from  a single  puff  on  a typical 
marijuana  cigarette  (Figure  13.14).  Lever  pressing  for  THC 
was  completely  blocked  by  pretreatment  with  SR  141716, 


Figure  1 3.1 4 Acquisition  of  THC  self-administration  by  squirrel  monkeys 

Monkeys  were  initially  trained  in  drug  self-administration  on  a fixed-ratio  (FR)  1 0 
schedule  using  cocaine  as  the  reinforcer  (not  shown). They  were  then  switched  to 
saline,  which  led  to  a nearly  complete  elimination  of  lever-pressing  behavior.  When 
THC  (2.0  pg/kg/injection)  was  substituted  for  saline,  lever  pressing  immediately 
increased  to  an  amount  sufficient  to  deliver  approximately  30  drug  injections  per 
1 -hour  session.  Substitution  with  the  vehicle  again  reduced  operant  responding 
until  the  active  drug  was  made  available  once  again.  (After  Tanda  et  al.,  2000.) 


indicating  that  the  reinforcing  effect  was  dependent  on  CB{ 
receptor  activation.  Other  studies  have  also  found  that  THC 
can  produce  a conditioned  place  preference  in  mice  (Valjent 
and  Maldonado,  2000),  and  that  rats  and  mice  will  self- 
administer  low  doses  of  the  synthetic  CBj  receptor  agonist 
WIN  55,212-2  (Fattore  et  al.,  2001;  Martellotta  et  al.,  1998). 
It  is  interesting  to  note  that  in  the  place-conditioning  study, 
the  rewarding  properties  of  THC  could  be  demonstrated 
only  in  mice  that  had  been  preexposed  once  to  the  drug  in 
their  home  cage.  This  was  interpreted  by  the  authors  to  mean 
that  first  exposure  to  THC  involves  aversive  responses  that 
mask  its  rewarding  effects.  Preexposure  outside  of  the  exper- 
imental apparatus  presumably  reduces  the  occurrence  of 
these  responses  when  the  THC  is  subsequently  administered 
during  the  conditioning  trials. 

Now  that  cannabinoids  have  been  shown  to  be  reinforc- 
ing under  the  appropriate  conditions,  researchers  have  begun 
to  investigate  the  mechanisms  underlying  the  reinforcing 
effects.  One  factor  in  cannabinoid  reinforcement  may  be 
activation  of  the  mesolimbic  dopamine  (DA)  system,  as 
cannabinoids  have  been  found  to  stimulate  the  firing  of  DA 
neurons  in  the  ventral  tegmental  area  (VTA)  and  to  enhance 
DA  release  in  the  nucleus  accumbens.  More  surprisingly, 
there  is  growing  evidence  for  close  interactions  between  the 
cannabinoid  and  opioid  systems  that  play  a critical  role  in 
both  cannabinoid  and  opioid  reward  and  reinforcement.  For 
example,  systemic  administration  of  the  general  opioid 
receptor  antagonist  naltrexone  reduced  THC  self-adminis- 
tration in  squirrel  monkeys  (Justinova  et  al.,  2004).  Further- 
more, the  conditioned  place  preference  pro- 
duced by  a low  dose  of  THC  was  abolished 
in  jLt-opioid  receptor  knockout  mice,  where- 
as the  conditioned  place  aversion  produced 
by  a higher  THC  dose  was  abolished  in 
mutant  mice  lacking  K-opioid  receptors 
(Ghozland  et  al.,  2002).  Finally,  microinfu- 
sion of  the  Pj-opioid  receptor  antagonist 
naloxonazine  directly  into  the  VTA  of  rats 
blocked  not  only  heroin-induced  DA  release 
in  the  nucleus  accumbens  but  also  DA 
release  associated  with  THC  administration 
(Tanda  et  al.,  1997).  Together,  these  findings 
suggest  that  p-opioid  receptors,  particularly 
of  the  Pj  subtype,  mediate  the  rewarding 
and  reinforcing  effects  of  cannabinoids, 
whereas  the  aversive  effects  may  be  due  to 
K-opioid  receptor  activation.  Nevertheless, 
we  must  be  cautious  in  extrapolating  the 
results  to  human  users,  as  Haney  and 
coworkers  (2003)  recently  reported  that  the 
opioid  antagonist  naltrexone  increased 
rather  than  decreased  the  positive  subjective 
effects  of  oral  THC  in  regular  heavy  mari- 
juana smokers. 
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This  section  has  focused  on  the  rewarding  and  reinforc- 
ing properties  of  cannabinoids  themselves.  However,  over  the 
past  few  years  a number  of  studies  have  examined  the  effects 
of  either  genetic  deletion  of  CB1  receptors  or  administration 
of  the  cannabinoid  antagonist  SR  141716  on  responses  to 
other  drugs  of  abuse.  The  results  of  these  studies  suggest  that 
the  endocannabinoid  system  may  play  a significant  role  in 
the  processes  of  reinforcement,  dependence,  and/or  relapse 
for  a number  of  other  drugs,  including  ethanol  (Naassila  et 
al.,  2004;  Racz  et  al.,  2003),  opioids  (De  Vries  et  al.,  2003; 
Ledent  et  al.,  1999;  Navarro  et  al.,  2001),  cocaine  (De  Vries  et 
al.,  2001),  and  nicotine  (Castane  et  al.,  2002).  This  “cross- 
talk” between  the  endocannabinoid  system  and  the  neuro- 
chemical systems  associated  with  other  drugs  of  abuse  has 
implications  not  only  for  our  understanding  of  the  cellular 
mechanisms  underlying  drug  addiction  but  also  for  the 
development  of  novel  treatment  approaches. 

Section  Summary 

The  subjective  characteristics  of  cannabis  intoxication 
include  feelings  of  euphoria,  disinhibition,  relaxation,  altered 
sensations,  and  increased  appetite.  The  euphoric  effects  pro- 
duced by  smoking  marijuana  appear  to  be  mediated  at  least 
partly  by  CB{  receptors.  Psychopathological  reactions  can 
occur,  particularly  at  high  doses  or  in  the  case  of  inexperi- 
enced users.  Cannabis  adversely  affects  memory,  psychomo- 
tor performance,  and  other  cognitive  functions.  However, 
there  are  accepted  therapeutic  uses  for  orally  administered 
dronabinol  (synthetic  THC)  and  the  THC  analog  nabilone 
in  treating  nausea  and  vomiting  in  cancer  chemotherapy 
patients  as  well  as  the  wasting  syndrome  in  AIDS  sufferers. 

Laboratory  animals  have  also  been  used  in  the  study  of 
cannabinoid  pharmacology.  In  rodents,  THC  produces 
changes  in  motor  activity  (which  can  involve  both  excitatory 
and  depressant  components),  catalepsy,  hypothermia,  and 
analgesia.  Cannabinoids  disrupt  memory  in  several  kinds  of 
learning  tasks,  an  effect  thought  to  be  related  to  activation  of 
CBj  receptors  in  the  hippocampus.  Studies  involving  either 
SR  141716  administration  or  genetic  deletion  of  CB}  recep- 
tors suggest  an  involvement  of  the  endocannabinoid  system 
in  pain  modulation  and  in  extinction  or  forgetting. 

Although  early  studies  failed  to  demonstrate  cannabinoid 
reward  or  reinforcement,  more  recent  work  has  shown  that 
THC  can  support  self-administration  in  squirrel  monkeys 
and  formation  of  a conditioned  place  preference  in  mice.  Rats 
and  mice  will  also  self-administer  low  doses  of  the  synthetic 
CBj  agonist  WIN  55,212-2.  Cannabinoid  reinforcement  has 
been  shown  to  depend  on  both  CB{  receptor  and  p-opioid 
receptor  activation.  Dopamine  may  also  be  involved,  since 
cannabinoids  stimulate  the  firing  of  DA  neurons  in  the  VTA 
and  enhance  DA  release  in  the  nucleus  accumbens. 


Cannabis  Abuse  and  the  Effects  of  Chronic 
Cannabis  Exposure 

Marijuana  is  the  most  widely  used  illicit  drug  in  the  United 
States.  According  to  the  2002  National  Household  Survey  on 
Drug  Use  and  Health,  more  than  14  million  Americans  aged 
12  or  older  were  current  marijuana  users  at  the  time  of  the 
survey  (Substance  Abuse  and  Mental  Health  Services  Admin- 
istration, 2003).  Frequency  of  use  is  very  high  in  some  cases, 
with  an  estimated  3 million  individuals  using  marijuana  on  a 
daily  or  near  daily  basis  (>300  days)  during  the  year  sur- 
veyed. Trends  in  the  initiation  of  drug  use  are  also  important 
for  several  reasons,  including  potential  health  implications 
as  well  as  social  policy  decisions.  Thus  it  is  noteworthy  that 
the  number  of  new  marijuana  users  per  year  has  remained 
fairly  steady  from  1995  to  2001,  the  most  recent  year  report- 
ed for  drug  use  initiation.  These  findings  suggest  that  gov- 
ernment efforts  to  dissuade  young  people  from  trying  mari- 
juana have  not  been  particularly  successful. 

Cannabis  use  typically  begins  in  adolescence 
and  peaks  during  young  adulthood 

Initial  marijuana  use  typically  occurs  in  adolescence.  If  an 
individual  has  not  yet  tried  marijuana  by  his  or  her  mid- 
twenties, he  or  she  is  unlikely  to  begin  at  a later  age.  This  is 
shown  in  Figure  13.15,  which  is  derived  from  a longitudinal 
study  of  976  subjects  drawn  from  upstate  New  York.  In  this 
cohort,  the  peak  age  for  initiating  marijuana  use  was  17, 
although  a few  children  began  as  early  10  or  1 1 years  of  age. 
It  is  also  the  case  that  the  prevalence  of  illicit  drug  use 
(including  marijuana)  declines  with  age.  In  the  2002  Nation- 
al Household  Survey,  for  example,  the  percentage  of  respon- 
ders who  were  current  users  of  at  least  one  illicit  drug  (typi- 
cally marijuana)  was  22.5%  at  18  to  20  years  of  age,  8.8%  at 
30  to  34  years  of  age,  and  only  0.8%  at  65  years  or  older. 


Figure  1 3.1 5 Probability  of  initiating  marijuana  use  as  a 
function  of  age  (After  Brooks  et  al.,  1 999.) 
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Most  adolescents  have  prior  experience  with  alcohol 
and/or  cigarettes  before  trying  marijuana.  For  this  reason, 
alcohol  and  tobacco  have  been  hypothesized  as  “gateway” 
drugs  to  marijuana  use.  Some  evidence  exists  that  marijuana, 
in  turn,  may  serve  as  a gateway  to  other  illicit  drugs  (e.g., 
cocaine)  or  to  prescribed  psychoactive  drugs  such  as  seda- 
tives. However,  it  is  difficult  to  determine  whether  marijuana 
actually  facilitates  the  progression  to  “hard  drugs”  or  whether 
certain  users  are  already  predisposed  to  seek  out  these  more 
dangerous  substances  due  to  some  combination  of  person- 
ality traits,  life  circumstances,  or  other  factors  independent 
of  their  exposure  to  marijuana  (see  the  discussion  of  the 
gateway  theory  in  Chapter  8). 

A further  issue  to  consider  is  the  progression  from  initial 
to  regular  (that  is,  daily  or  near  daily)  marijuana  use.  Risk  fac- 
tors in  the  development  of  heavy  marijuana  use  by  adolescents 
include  emotional  problems  in  the  family,  heavy  drug  use  in 
the  household  and/or  by  peers,  dislike  of  school  and  poor 
school  performance,  and  an  early  age  of  first  use  of  marijuana 
(Gruber  and  Pope,  2002).  On  the  other  hand,  rates  of  mari- 
juana use  tend  to  be  lower  among  adolescents  from  stable 
families  with  close  parental  supervision,  as  well  as  those  who 
have  strong  career  aspirations  or  assume  adult  responsibilities 
such  as  marriage  and  parenthood.  Another  important  factor 
may  be  the  degree  to  which  the  young  person  experiences  pos- 
itive reactions  to  his  or  her  early  use  of  cannabis.  Researchers 
in  New  Zealand  examined  the  relationship  between  the  sub- 
jective responses  to  early  cannabis  use  at  14  to  16  years  of  age 
and  the  likelihood  of  becoming  cannabis-dependent  by  the 
age  of  21,  according  to  criteria  of  the  Diagnostic  and  Statistical 
Manual  of  Mental  Illness  (DSM-IV)  (Fergusson  et  al.,  2003b). 
Individuals  who  reported  more  positive  responses  (that  is, 
feeling  happy,  feeling  relaxed,  laughing  a lot,  doing  silly  things, 
or  getting  very  “high”)  to  their  early  experience  with  cannabis 
were  at  greater  risk  of  later  dependence  than  those  who 
reported  fewer  of  these  positive  reactions. 

Tolerance  and  dependence  can  develop  from 
chronic  cannabinoid  exposure 

For  many  drugs  of  abuse,  regular  heavy  use  leads  to  powerful 
tolerance  as  well  as  physical  and/or  psychological  depend- 
ence. Is  this  also  the  case  for  marijuana?  We  will  first  consid- 
er studies  of  cannabinoid  tolerance  in  humans  and  animals. 

Tolerance  The  human  literature  on  cannabis  tolerance  is 
somewhat  variable.  Although  some  investigators  have 
observed  tolerance  following  repeated  administration  of 
marijuana  or  pure  THC  to  subjects  (Compton  et  al.,  1990), 
there  are  also  reports  that  the  “high”  produced  by  a given 
dose  of  THC  is  similar  in  heavy  or  frequent  marijuana  users 
compared  to  light  or  infrequent  users  (Kirk  and  de  Wit, 
1999;  Lindgren  et  al.,  1981).  It  appears  that  further  studies 


are  needed  to  determine  the  conditions  under  which 
cannabinoid  tolerance  occurs  in  humans. 

In  contrast  to  the  results  just  described,  there  are  consistent 
findings  over  many  years  showing  that  animals  exposed 
repeatedly  to  THC  develop  a profound  tolerance  to  the  drugs 
behavioral  and  physiological  effects.  This  tolerance  appears  to 
be  largely  pharmacodynamic  in  nature.  Research  by  Breivogel 
and  coworkers  (1999)  found  that  rats  given  daily  THC  injec- 
tions (10  mg/kg)  over  a 3 -week  period  showed  gradual  reduc- 
tions both  in  regional  receptor  density  and  in  cannabi- 
noid agonist- mediated  receptor  activation  (Figure  13.16).  In 
some  brain  areas,  the  cannabinoid  receptors  were  almost 
entirely  desensitized  following  3 weeks  of  THC  exposure. 

Dependence  and  withdrawal  During  the  1990s,  investi- 
gators began  to  recognize  the  existence  of  cannabis  depend- 
ence in  some  users.  Such  dependence  is  manifested  as  a diffi- 
culty in  stopping  one’s  use,  a craving  for  marijuana,  and 
unpleasant  withdrawal  symptoms  that  are  triggered  by  absti- 
nence. Controlled  studies  of  abstinence  in  long-term  heavy 
marijuana  users  have  reported  a number  of  withdrawal 
symptoms  including  irritability,  increased  anxiety,  depressed 
mood,  sleep  disturbances,  heightened  aggressiveness,  and 
decreased  appetite  (Budney  et  al.,  2003;  Kouri  et  al.,  1999; 
Kouri  and  Pope,  2000).  These  withdrawal  symptoms  resem- 
ble those  seen  with  several  other  drugs  of  abuse,  most 
notably  nicotine.  Overall  symptomatology  is  greatest  during 
the  first  1 to  2 weeks  of  withdrawal  (Figure  13.17),  but  some 
symptoms  may  persist  for  a month  or  longer. 

Early  experimental  studies  in  which  animals  were  admin- 
istered THC  chronically  and  then  examined  after  the  treat- 
ment was  stopped  found  few  if  any  signs  of  withdrawal. 
Although  these  results  may  seem  to  be  at  odds  with  reports 
of  an  abstinence  syndrome  in  humans,  researchers  recog- 
nized that  the  absence  of  withdrawal  symptoms  might  have 
been  due  to  THCs  long  elimination  half-life,  which  causes 
the  cannabinoid  receptors  to  remain  partially  occupied  for  a 
significant  period  of  time  even  after  termination  of  drug 
treatment.  Once  the  CBj  receptor  antagonist  SR  141716  was 
developed,  it  could  be  used  to  test  for  dependence  and  with- 
drawal, since  administration  of  the  antagonist  would  abrupt- 
ly block  the  receptors  despite  the  continued  presence  of  THC 
in  the  animal.  In  two  initial  studies  using  this  approach, 
which  is  called  precipitated  withdrawal,  rats  were  given 
chronic  THC  either  by  twice-daily  injections  or  by  infusion, 
and  they  were  then  challenged  with  SR  141716  at  the  same 
time  that  THC  administration  was  terminated.  The  chal- 
lenged animals  displayed  an  abstinence  syndrome  character- 
ized by  wet-dog  shakes,  increased  grooming  behaviors  (facial 
rubbing,  licking,  and  scratching),  and  other  symptoms  of 
hyperactivity  (Aceto  et  al.,  1996;  Tsou  et  al.,  1995).  These  and 
other  studies  have  convincingly  shown  that  chronic  THC 
treatment  produces  physical  dependence  in  animals, 
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Figure  13.16  Desensitization  of 
cannabinoid  receptors  produced 
by  chronic  THC  exposure  Rats  were 
treated  daily  with  1 0 mg/kg  THC  or 
vehicle  for  3 to  21  days,  after  which 
their  brains  were  obtained  and  hori- 
zontal sections  were  prepared  for 
autoradiography.  Some  sections  were 
incubated  with  the  synthetic  cannabi- 
noid agonist  [3H]WIN  55,21 2-2  to 
determine  the  density  of  cannabinoid 
receptors  in  different  brain  areas. 
Other  sections  were  incubated  with 
[35S]GTPy5  in  the  presence  of  unla- 
beled WIN  55,21 2-2.This  procedure 
allows  the  measurement  of  receptor- 
mediated  G protein  activation  in  each 
area. The  autoradiograms  show  that 
chronic  THC  administration  led  to  pro- 
gressive reductions  in  both  receptor 
density  (lower  sections)  and  receptor- 
mediated  G protein  activation  (upper 
sections)  throughout  the  brain. 
(Images  courtesy  of  Steven  Childers.) 
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although  such  dependence  generally  requires  antagonist 
treatment  to  provoke  the  withdrawal  symptoms. 

The  possible  neurochemical  basis  for  a marijuana  absti- 
nence syndrome  has  been  investigated  using  the  precipitated 
withdrawal  model  in  cannabinoid-dependent  rats.  Using  this 
model,  researchers  have  demonstrated  decreased  DA  cell  fir- 
ing in  the  VTA  (Diana  et  al.,  1998)  and  increased  corti- 
cotropin-releasing factor  (CRF)  release  in  the  central  nucle- 
us of  the  amygdala  (de  Fonseca  et  al.,  1997).  Together,  these 
alterations  could  contribute  to  the  mood  reduction,  irritabil- 


Figure  1 3.1 7 Time  course  of  overall  withdrawal  discom- 
fort in  heavy  marijuana  users  undergoing  abstinence 

Current  marijuana  users  were  compared  to  ex-users  on  a battery 
of  1 5 possible  self-reported  withdrawal  symptoms  over  a 5-day 
baseline  period  (BL)  during  which  marijuana  use  was  permitted 
and  then  during  a 45-day  period  of  abstinence.  Data  shown  repre- 
sent the  mean  composite  withdrawal  scores  (up  to  a possible 
maximum  of  36)  during  baseline  and  the  first  24  days  of  absti- 
nence. (After  Budney  et  al.,  2003.) 


ity,  and  stress  experienced  by  dependent  cannabis  users  dur- 
ing periods  of  abstinence.  Moreover,  similar  responses  have 
been  reported  to  occur  during  withdrawal  from  cocaine,  alco- 
hol, and  opiates,  thereby  linking  cannabinoids  with  sub- 
stances generally  considered  to  have  greater  abuse  potential. 

Treatment  of  cannabis  dependence  The  2002  National 
Flousehold  Survey  estimated  that  approximately  4.3  million 
people  were  suffering  from  cannabis  abuse  or  dependence  at 
that  time  (Substance  Abuse  and  Mental  Health  Services 
Administration,  2003).  This  figure  represents  a 23%  increase 
over  the  previous  year’s  survey  results,  which  indicates  a grow- 
ing need  for  treatment  services.  Dependent  marijuana  users 
seeking  treatment  are  typically  entered  into  an  outpatient  pro- 
gram that  may  involve  cognitive  behavior  therapy,  relapse  pre- 
vention training,  and/or  motivational  enhancement  therapy* 
(McRae  et  al.,  2003).  These  approaches  can  also  be  combined 
with  an  incentive  program  in  which  participants  who  submit 
cannabinoid-negative  urine  samples  earn  vouchers  redeem- 
able for  various  goods  and  services  (Budney  et  al.,  2000). 
Although  these  different  treatment  programs  have  met  with 
some  success,  patients  are  highly  vulnerable  to  relapse  even 
after  an  initial  period  of  abstinence  (Figure  13.18;  Moore  and 
Budney,  2003).  Thus,  marijuana  appears  to  be  similar  to  other 
drugs  of  abuse  with  regard  to  the  difficulty  in  achieving  long- 
term treatment  success  in  dependent  individuals. 

The  idea  of  pharmacotherapy  for  cannabis  dependence  is 
still  relatively  new.  Several  compounds  that  have  been  tested, 


^Motivational  enhancement  therapy  is  a type  of  psychotherapy 
that  seeks  to  elicit  a desire  for  behavioral  change  on  the  part  of  the 
patient. 
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including  the  antidepressants  bupropion  and  nefazadone 
and  the  mood  stabilizer  divalproex  (an  antiepileptic  medica- 
tion also  used  to  treat  bipolar  disorder),  have  shown  only  a 
limited  ability,  if  any,  to  reduce  marijuana  withdrawal  symp- 
toms or  to  promote  abstinence.  On  the  other  hand,  Haney  et 
al.  (2004)  recently  reported  that  oral  THC  could  reduce  mar- 
ijuana craving  and  other  withdrawal  symptoms  in  heavy 
users  who  were  undergoing  abstinence.  These  results  raise 
the  possibility  that  oral  THC  treatment  could  be  useful  in 
assisting  cannabis-dependent  patients  to  get  through  the  ini- 
tial period  of  withdrawal,  although  long-term  abstinence 
might  still  be  difficult  to  achieve. 

Chronic  cannabis  use  may  lead  to  adverse 
behavioral  and  health  effects 

It  is  not  unusual  for  dedicated  cannabis  users  to  consume  the 
drug  on  a regular,  even  daily,  basis  for  many  years.  Concern 
naturally  has  arisen  over  whether  such  lengthy  periods  of 
chronic  drug  exposure  might  lead  to  adverse  psychological 
or  physiological  effects.  Evidence  for  such  effects  is  discussed 
in  this  final  section  of  the  chapter. 


Figure  1 3.1 8 Time  to  first  marijuana  use  following  2 
weeks  of  abstinence  in  patients  undergoing  outpatient 
treatment  for  marijuana  dependence.  Patients  received  one 
of  the  following  four  different  treatments:  motivational  enhance- 
ment therapy,  motivational  enhancement  combined  with 
behavioral  coping-skills  training  (MBT),  MBT  plus  a voucher- 
based  program  with  regular  urine  screening,  and  the  voucher 
program  alone.  All  treatment  programs  were  carried  out  for  1 4 
weeks.  Forty-six  percent  of  the  patients  failed  to  achieve  at  least 
2 weeks  of  continuous  abstinence,  and  their  data  are  not  shown. 
The  figure  illustrates  the  proportion  of  the  remaining  patients 
who  had  not  yet  lapsed  (used  marijuana  for  the  first  time)  as  a 
function  of  time  since  their  initial  2-week  abstinence  period. 

Note  the  steady  decrease  in  the  line  as  more  and  more  patients 
suffered  a lapse  in  their  attempt  to  remain  abstinent.  (After 
Moore  and  Budney,2003.) 


Psychological  and  neurological  effects  Survey  studies 
indicate  that  the  amount  of  cannabis  use  by  young  people  is 
inversely  related  to  educational  performance.  That  is,  greater 
use  is  associated  with  poorer  grades,  more  negative  attitudes 
about  school,  and  increased  absenteeism  (Lynskey  and  Hall, 
2000).  Furthermore,  prospective  longitudinal  studies  suggest 
that  regular  cannabis  use  beginning  relatively  early  in  life  is  a 
significant  risk  factor  for  poor  performance  in  school  and  even 
dropping  out  (Fergusson  et  al.,  2003a;  Lynskey  et  al.,  2003). 

At  the  present  time,  we  do  not  know  whether  there  is  a 
causal  relationship  between  amount  of  cannabis  use  and  edu- 
cational achievement.  Even  if  there  is,  the  direction  of  causa- 
tion would  still  need  to  be  established.  Does  early  cannabis  use 
cause  a lack  of  success  in  school,  or  does  a lack  of  success  early 
in  ones  academic  career  cause  an  increase  in  cannabis  use? 
One  hypothesis  is  that  heavy  cannabis  use  leads  to  persistent 
cognitive  deficits,  thereby  impairing  school  performance.  The 
existence  of  such  impairment  is  currently  a matter  of  contro- 
versy (Box  13.2).  Another  possibility  involves  drug-related 
motivational  changes  that  would  have  a negative  impact  on 
performance  in  the  classroom.  Indeed,  research  going  back 
more  than  30  years  has  found  evidence  for  apathy,  aimlessness, 
loss  of  achievement  motivation,  lack  of  long-range  planning, 
and  decreased  productivity  in  chronic  marijuana  users. 
Together,  these  symptoms  have  been  termed  the  amotivation- 
al  syndrome  (Lynskey  and  Hall,  2000).  We  cannot  rule  out  the 
possibility  that  some  users  experience  a loss  of  drive  and 
achievement  motivation  as  a result  of  chronic,  heavy  exposure 
to  cannabis.  However,  one  could  argue  just  as  plausibly  that 
such  personality  characteristics  are  a cause,  rather  than  a con- 
sequence, of  adopting  a marijuana-centered  lifestyle. 

It  is  possible  that  students  who  use  cannabis  heavily  over  a 
long  period  of  time  could  perform  poorly  in  school  due  to 
the  cognitive  impairment  described  in  Box  13.2.  However,  at 
this  time  there  is  little  evidence  linking  the  cognitive  deficits 
measured  under  laboratory  conditions  to  the  actual  school 
performance  of  cannabis  users.  Instead,  researchers  have 
hypothesized  that  the  social  context  surrounding  heavy 
cannabis  use  at  a relatively  early  age  promotes  the  rejection 
of  mainstream  social  values  such  as  educational  achievement 
in  favor  of  a more  unconventional  lifestyle  (Fergusson  et  al., 
2003a;  Lynskey  et  al.,  2003).  This  hypothesis  could  explain 
why  heavy  users  perform  poorly  in  school  without  postulat- 
ing a direct  effect  of  cannabis  on  their  performance. 

Health  effects  In  considering  the  potential  health  conse- 
quences of  cannabis  use,  there  is  both  good  and  bad  news.  The 
good  news  is  that  there  is  no  published  report  of  anyone  dying 
as  a result  of  cannabis  overdose.  This  means  that  the  use  of  this 
substance  has  a margin  of  safety  that  is  lacking  with  many 
other  substances  of  abuse  such  as  heroin,  cocaine,  and  seda- 
tive-hypnotic drugs.  The  bad  news  is  that  the  lack  of  fatal 
overdosing  does  not  mean  that  cannabis  use,  particularly  in 
large  amounts  or  for  long  periods  of  time,  is  without  risk. 
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BOX  13.2 
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Does  Chronic 
Cannabis  Use  Cause 
Persistent  Cognitive 

Deficits? 


Earlier  in  this  chapter  we  learned  that 
memory  and  other  cognitive  func- 
tions are  impaired  shortly  after  smok- 
ing marijuana.  Few  people,  however, 
smoke  marijuana  while  they're  at 
work,  in  class,  or  at  other  times  when  a 
high  level  of  functioning  is  required.  If 
marijuana  is  used  only  during  recre- 
ational times  (for  example,  evenings 
and  weekends)  and  drug-related  cog- 
nitive deficits  do  not  outlast  the  peri- 
od of  use,  then  one  could  argue  that 
such  deficits  are  harmless.  On  the 
other  hand,  is  it  possible  that  heavy 
recreational  use  over  a long  period  of 
time  somehow  compromises  brain 
function  such  that  cognitive  problems 
persist  even  after  drug  use  is 
stopped? 

The  question  of  residual  cognitive 
deficits  from  heavy  marijuana  use  is  a 
controversial  one.  Research  in  this 
area  has  suffered  from  two  major  limi- 
tations: (1)  possible  preexisting  differ- 
ences in  cognitive  functioning 
between  the  users  and  control  sub- 
jects and  (2)  the  potential  influence 
on  test  performance  of  either  ongo- 
ing drug  effects  due  to  the  slow  rate 
of  THC  elimination  or  withdrawal 
symptoms  associated  with  absti- 
nence. Some  studies  have  attempted 
to  control  the  first  problem  either  by 
matching  the  groups  in  terms  of  ver- 


bal IQ  or  by  controlling  statistically  for 
IQ  differences  between  the  groups. 
These  approaches  assume  that  IQ  is 
relatively  unaffected  by  marijuana  use 
and  is  therefore  a reasonable  indica- 
tor of  cognitive  function  prior  to  the 
beginning  of  such  use.The  second 
problem  can  be  addressed  either  by 
comparing  the  performance  of  sub- 
jects at  different  times  during  with- 
drawal or  by  studying  ex-users  who 
have  been  abstinent  for  a long  period 
of  time. 

Some  of  the  best  work  in  this  area 
has  been  carried  out  by  two  research 
groups,  one  headed  by  Harrison  Pope 
and  the  other  by  Nadia  Solowij.  Inter- 
estingly, both  groups  have  reported 
cognitive  deficits  in  long-term  heavy 
marijuana  users  subjected  to  stan- 
dard neuropsychological  tests  of 
learning,  memory,  and  attention 
(Pope  et  al.,  2001a,  2001  b;  Solowij  et 
al.,  2002). These  effects  were  present 
for  at  least  1 day  and  possibly  up  to  a 
week  following  the  most  recent  drug 
exposure,  suggesting  that  heavy  mari- 
juana users  can  experience  some  per- 
formance decrements  that  carry  over 
beyond  the  periods  of  actual  use. 
However,  there  is  a major  disagree- 
ment about  the  persistence  of  such 
decrements.  Pope  and  his  coworkers 
(2001a)  found  no  differences  between 
the  heavy  users  and  control  subjects 
following  28  days  of  abstinence.  Con- 
sequently, these  investigators  con- 
cluded that  the  cognitive  deficits 
associated  with  heavy  marijuana  use 
are  linked  to  recent  exposure  to  the 
substance  and  are  reversible  over 
time.  Contrasting  results  were 


obtained  by  Solowij  (1998)  in  an  earli- 
er study  that  examined  attentional 
performance  and  event-related 
potentials  (ERPs)  in  current  cannabis 
users,  former  users  who  had  used  reg- 
ularly for  at  least  5 years  but  who  had 
been  abstinent  for  an  average  of  2 
years,  and  control  subjects.  ERPs  are 
electrophysiological  responses  of  the 
brain  that  are  time-locked  to  a specif- 
ic sensory  stimulus  such  as  a tone  and 
that  can  provide  insight  into  sensory 
processing  and  attention.  On  both  the 
behavioral  and  ERP  measures, control 
subjects  showed  the  best  results,  cur- 
rent users  showed  the  worst  results, 
and  former  users  were  in-between. 
Furthermore,  Solowij  and  her  col- 
leagues have  also  found  evidence  for 
a relationship  between  the  duration 
of  cannabis  use  and  the  degree  of 
cognitive  impairment  (Solowij,  1 998; 
Solowij  et  al.,  2002). Taken  together, 
these  results  have  led  them  to 
hypothesize  that  heavy,  long-term 
cannabis  use  leads  to  progressive 
deficits  in  attentional  function  that 
only  partially  recover,  even  after  a sig- 
nificant period  of  abstinence. 

At  the  present  time,  we  cannot 
determine  who  is  right  about  the  pos- 
sibility of  lingering  effects  of  long- 
term marijuana  use  that  might  persist 
for  months,  if  not  years.  Given  the  dif- 
ficulties inherent  in  trying  to  answer 
this  question,  the  current  uncertainty 
may  not  be  resolved  any  time  soon.  In 
the  meantime,  marijuana  users  should 
be  aware  that  heavy,  long-term  use 
has  been  associated  with  at  least  tem- 
porary deficits  in  learning,  memory, 
and  attention. 


Because  cannabis  is  almost  always  consumed  by  smoking, 
the  possibility  of  lung  damage  is  one  obvious  area  of  con- 
cern. Although  marijuana  joints  and  tobacco  cigarettes  con- 
tain different  psychoactive  ingredients  (cannabinoids  vs. 
nicotine),  the  smoke  they  produce  has  the  same  kinds  of  irri- 
tants and  carcinogens.  Tar  from  cannabis  smoke  actually 
contains  higher  concentrations  of  certain  carcinogens  known 


as  benzanthracenes  and  benzpyrenes.  Even  so,  one  might 
think  that  marijuana  smoking  is  not  harmful  because  users 
typically  smoke  only  one  or  a few  joints  a day,  compared  to 
the  one  or  more  packs  of  cigarettes  smoked  by  regular  tobac- 
co users.  Unfortunately,  it  appears  that  the  amounts  of  tar 
and  carbon  monoxide  taken  in  per  cigarette  are  much  greater 
for  marijuana  joints  than  for  tobacco  cigarettes  (Wu  et  al., 
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1988).  It  is  not  surprising,  therefore,  that  regular  marijuana 
smoking  is  associated  with  an  increased  risk  for  bronchitis, 
the  symptoms  of  which  are  chronic  cough  and  phlegm  pro- 
duction. Furthermore,  microscopic  examination  of  bronchial 
biopsies  from  marijuana  users  has  revealed  several  kinds  of 
cellular  abnormalities,  some  of  which  are  considered  precan- 
cerous  (Tashkin  et  al.,  2002).  Researchers  have  not  yet  estab- 
lished a relationship  between  long-term  marijuana  smoking 
and  lung  cancer.  Nevertheless,  heavy  use  has  definite  risks  for 
the  respiratory  system,  and  future  studies  may  show  that 
development  of  lung  cancer  is  one  such  risk. 

Evidence  has  also  been  accumulating  that  cannabinoids 
influence  the  immune  system.  Numerous  laboratory  studies 
have  demonstrated  that  THC  can  suppress  immune  function 
and  impair  an  organism’s  resistance  to  bacterial  and  viral 
infections  (Cabral  and  Pettit,  1998).  We  don’t  yet  know,  how- 
ever, whether  marijuana  use  leads  to  an  increased  incidence 
of  infectious  disease  under  real-life  conditions. 

Lastly,  there  has  been  some  debate  in  the  literature  about 
the  effects  of  cannabis  on  reproductive  function.  For  exam- 
ple, marijuana  smoking  by  women  can  acutely  suppress  the 
release  of  luteinizing  hormone  (LFI),  an  important  repro- 
ductive hormone  secreted  by  the  pituitary  gland.  But  this 
effect  was  not  observed  in  regular  users,  suggesting  that  tol- 
erance may  develop  to  this  action  of  the  drug.  Studies  of 
male  marijuana  users  in  a controlled  inpatient  setting  found 
significant  reductions  in  sperm  counts.  However,  this 
occurred  under  conditions  of  extremely  heavy  use  (10  joints 
per  day  for  4 weeks),  and  the  effect  dissipated  within  3 to  4 
weeks  of  abstention  from  marijuana  (see  Smith  and  Asch, 
1987).  Thus  there  is  no  convincing  evidence  at  this  time  of 
reproductive  problems  stemming  from  cannabis  use. 

Section  Summary 

Marijuana  is  the  most  heavily  used  illicit  drug  in  the  United 
States.  Initial  exposure  to  marijuana  usually  occurs  during 
adolescence,  after  the  individual  has  already  had  experience 
with  alcohol  and/or  cigarettes.  Some  investigators  have 
hypothesized  that  alcohol  and  tobacco  are  “gateway”  drugs 
to  marijuana,  which  then  serves  as  a potential  gateway  to 
other  illicit  drugs.  However,  it  is  difficult  to  determine 
whether  marijuana  actually  facilitates  the  progression  to 
these  more  dangerous  substances. 

In  humans,  tolerance  may  occur  following  prolonged 
consumption  of  large  amounts  of  marijuana  or  purified 
THC,  but  current  findings  are  inconsistent.  In  contrast,  there 
is  growing  evidence  for  the  occurrence  of  cannabis  depend- 
ence and  withdrawal  in  heavy  users.  Withdrawal  symptoms 
include  heightened  irritability,  anxiety,  aggressiveness, 
depressed  mood  state,  sleep  disturbances,  reduced  appetite, 
and  craving  for  marijuana. 


Chronic  THC  exposure  in  laboratory  animals  causes  the 
development  of  behavioral  and  physiological  tolerance.  This 
is  related  to  a gradual  down-regulation  and  desensitization  of 
brain  CB{  receptors.  Animals  chronically  exposed  to  cannabi- 
noids also  develop  physical  dependence,  although  such 
dependence  can  only  be  demonstrated  by  means  of  precipi- 
tated withdrawal  using  SR  141716.  Neurochemical  studies  of 
cannabinoid-dependent  rats  indicate  that  reduced  DA  cell  fir- 
ing and  increased  CRF  release  could  contribute  to  some  of  the 
symptoms  of  cannabis  withdrawal  in  human  users. 

The  increasing  prevalence  of  cannabis  dependence  has  led 
to  a growth  in  treatment  programs.  Some  success  has  been 
achieved  with  various  kinds  of  psychotherapeutic  interven- 
tions, and  additional  improvement  in  outcome  has  been 
reported  by  adding  a voucher-based  incentive  program  to 
the  standard  treatment  approach.  Nevertheless,  most 
dependent  individuals  find  it  difficult  to  maintain  long-term 
abstinence.  Pharmacotherapeutic  approaches  to  the  treat- 
ment of  cannabis  dependence  are  now  being  investigated. 
Oral  THC  has  been  shown  to  reduce  withdrawal  symptoms 
in  heavy  marijuana  users,  but  this  approach  has  not  yet  been 
incorporated  into  any  established  treatment  programs. 

Concerns  have  been  raised  over  possible  adverse  conse- 
quences of  chronic  cannabis  consumption.  There  is  a nega- 
tive association  between  the  amount  of  cannabis  use  by 
young  people  and  their  educational  performance,  although  it 
is  not  yet  known  whether  this  association  is  causal.  It  is  possi- 
ble that  heavy  cannabis  use  can  produce  persistent  cognitive 
deficits  and/or  an  amotivational  syndrome  characterized  by 
apathy,  loss  of  achievement  motivation,  and  decreased  pro- 
ductivity. Long-term  use  has  been  associated  with  at  least 
temporary  decrements  in  cognitive  function,  although  the 
degree  of  persistence  of  these  effects  has  been  disputed. 
Because  there  is  also  little  evidence  in  favor  of  an  amotiva- 
tional syndrome,  researchers  currently  favor  the  hypothesis 
that  early  cannabis  use  is  linked  to  the  adoption  of  an  uncon- 
ventional lifestyle  that  devalues  educational  striving  and 
achievement.  Finally,  there  are  health  risks  associated  with 
marijuana  smoking  that  involve  respiratory  problems  along 
with  possible  deleterious  effects  on  immune  function. 
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Kob  is  invited  to  go  dancing  at  a club  on  Saturday  night.  While  at  the 
club,  a friend  gives  him  a small,  square  piece  of  paper  with  a car- 
toonish-looking  character  inscribed  on  it.  The  friend  tells  Rob  that 
if  he  swallows  the  paper  he’ll  have  an  interesting  experience.  He  does  as  sug- 
gested, but  nothing  happens  for  a while.  After  about  45  minutes,  however, 

Rob  begins  to  experience  strange  visual  sensa- 
tions. The  colors  of  his  girlfriend’s  dress 
become  more  vivid.  He  can  see  moving  pat- 
terns when  he  closes  his  eyes.  As  time  goes  on, 
Rob’s  reactions  become  more  intense.  Every- 
day objects  like  tables  and  chairs  take  on 
grotesque  forms.  People’s  bodies  become  dis- 
torted and  misshapen.  Rob  becomes  fright- 
ened, because  he  doesn’t  know  what’s  happen- 
ing to  him.  The  effects  finally  wear  off  after  a 
number  of  hours,  leaving  Rob  confused  and 
exhausted. 

In  reading  this  passage,  you  probably  recognized 
that  Rob  was  given  LSD  by  his  friend.  In  his  naivete, 
Rob  didn’t  know  what  to  expect  when  he  ate  the 
drug-laced  piece  of  paper.  As  we  will  see  in  the  first 
section  of  this  chapter,  hallucinogenic  substances 
like  LSD  have  powerful  effects  on  perceptual  and 
conscious  processes.  Where  do  these  substances 
come  from,  and  how  do  they  produce  their  effects? 
We  will  also  cover  PCP  and  ketamine,  two  other 
drugs  also  known  for  their  mind- altering  properties 
but  that  act  through  a different  neurochemical 
mechanism  than  LSD. 


A typical  "blotter"  used  to  disseminate  LSD. 
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Hallucinogenic  Drugs 

Some  substances  are  valued  primarily  for  the  unusual  per- 
ceptual and  cognitive  distortions  they  produce.  Users  may 
find  such  distortions  novel,  stimulating,  or  even  spiritually 
uplifting.  Among  the  substances  categorized  in  this  way  are 
lysergic  acid  diethylamide  (LSD),  mescaline,  psilocybin, 
dimethyltryptamine  (DMT),  and  5-methoxy-dimethyl- 
tryptamine  (5-MeO-DMT).  Over  the  years,  many  different 
names  have  been  given  to  this  drug  class,  including  psy- 
chotomimetic (psychosis-mimicking),  psychedelic  (mind- 
opening), and  hallucinogenic  (hallucination-producing). 
The  term  psychotomimetic  is  now  rarely  used  in  this  context 
because  most  researchers  no  longer  consider  these  com- 
pounds to  be  useful  models  of  psychosis.  Of  the  two  remain- 
ing alternatives,  the  term  psychedelic  is  often  preferred  by 
recreational  users  and  by  those  who  take  such  drugs  in  a 
quest  for  spiritual  or  mystical  experiences.  The  modern 
pharmacological  literature,  however,  strongly  favors  the  term 
hallucinogenic,  and  we  will  follow  that  practice  here.  Specifi- 
cally, we  will  define  hallucinogens  as  substances  whose  pri- 
mary effect  is  to  cause  perceptual  and  cognitive  distortions 
without  producing  a state  of  toxic  delirium. 

Mescaline 

Mescaline  is  obtained  from  the  peyote  cactus 

Many  hallucinogenic  drugs  are  either  synthesized  by  plants 
or  are  based  on  plant-derived  compounds.  Mescaline,  for 
example,  is  found  in  several  species  of  cactus,  such  as  the 
peyote  cactus  (Lophophor  williamsii)  (Figure  14.1).  When 
the  crown  (top  part)  of  this  small  spineless  cactus  is  cut  off 
and  dried,  it  is  known  as  a mescal  button  or  peyote  button. 


Figure  1 4.1  Peyote  cactus  (Photo  courtesy  of  Gerhard  Kohres.) 


These  buttons  can  be  chewed  raw  or  cooked  and  then  eaten 
in  order  to  obtain  their  psychoactive  effects.  Alternatively, 
the  mescaline  can  be  extracted  from  the  cactus  and  con- 
sumed as  a relatively  pure  powder.  The  peyote  cactus  is 
native  to  the  southwestern  United  States  and  northern  parts 
of  Mexico,  and  archeological  evidence  suggests  that  the 
inhabitants  of  these  regions  used  peyote  for  at  least  a few 
thousand  years  before  invasion  by  the  Spanish.  Indeed, 
Bruhn  and  colleagues  (2002)  recently  reported  an  analysis 
of  mescaline-containing  peyote  buttons  from  Mexico  that 
were  radiocarbon  dated  to  be  5700  years  old.  Peyote  was 
used  by  Native  Americans  for  religious  and  healing  rituals, 
and  such  rituals  continue  to  take  place  under  the  auspices 
of  the  Native  American  Church  of  the  United  States  and 
Canada,  which  was  founded  in  1918. 

Pure  mescaline  was  first  isolated  from  peyote  in  1896  by 
Arthur  Heffter  and  later  synthesized  in  1919  by  Ernst  Spath. 
However,  the  drug  did  not  enter  mainstream  American  cul- 
ture until  the  famous  novelist  Aldous  Huxley  tried  mescaline 
in  1 953  and  subsequently  described  his  experience  in  a book 
entitled  The  Doors  of  Perception.  Publication  of  this  book  and 
its  sequel,  Heaven  and  Hell , were  among  the  seminal  events 
that  spawned  a major  rise  in  hallucinogenic  drug  use  in  the 
United  States  in  the  1960s.  At  present,  however,  mescaline  is 
not  as  readily  available  as  various  other  hallucinogens,  due 
to  its  relatively  high  cost  of  synthesis  and  the  lack  of  a large 
market  for  the  drug. 


Psilocybin,  DMT,  and  5-MeO-DMT 

"Magic  mushrooms"  are  the  source  of  psilocybin 
and  other  hallucinogens 

Numerous  species  of  mushrooms  manufacture  alkaloids 
with  hallucinogenic  properties.  These  fungi,  which  are  some- 
times called  “magic  mushrooms”  or  simply  “shrooms,” 
include  members  of  the  genera  Conocybe,  Copelandia , Panae- 
olus , Psilocybe , and  Stropharia,  which  are  found  in  many 
places  around  the  world  (Figure  14.2).  Depending  on  the 
species,  users  take  1 to  5 g of  dried  mushrooms  to  obtain  the 
desired  effects.  The  dried  material  may  be  eaten  raw,  boiled 
in  water  to  make  tea,  or  cooked  with  other  foods  to  cover  its 
bitter  flavor.  The  major  ingredients  of  these  mushrooms  are 
psilocybin  and  the  related  compound  psilocin.  After  inges- 
tion, the  psilocybin  is  enzymatically  converted  to  psilocin, 
which  is  the  actual  psychoactive  agent.  A different  species  of 
mushroom,  Amanita  muscaria  (fly  agaric),  produces  a state 
of  delirium  that  also  includes  hallucinations,  but  its  primary 
active  agents  are  muscimol  and  ibotenic  acid. 

The  use  of  hallucinogenic  mushrooms  probably  goes  back 
at  least  as  far  historically  as  peyote  use.  There  are  two  spectacu- 
lar rock  cave  paintings  in  Algeria,  dated  at  least  to  3500  B.c., 
depicting  people  holding  mushrooms  in  their  hands  and  danc- 
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Figure  14.2  Psilocybe  mushrooms 


ing.  The  more  famous  of  the  two  paintings 
shows  a single  man  (possibly  a shaman*) 
with  a beelike  head  and  mushrooms  sprout- 
ing from  his  entire  body.  In  Mexico  and 
Central  America,  the  Aztec  and  Mayan  civi- 
lizations developed  religious  rituals  around 
the  eating  of  psilocybin-containing  mush- 


rooms. 

After  defeating  the  Aztecs,  the  Spaniards 
soon  learned  of  their  use  of  hallucinogenic 
mushrooms,  which  they  called  teonanacatl , 
meaning  “flesh  of  the  gods.”  The  conquerors 
brutally  suppressed  mushroom  eating  along 
with  other  aspects  of  the  Aztec  religion,  but 
they  were  unable  to  completely  wipe  it  out.  Nevertheless,  the 
existence  of  hallucinogenic  mushrooms  in  the  New  World  was 
largely  ignored  until  1938,  when  Richard  Schultes  of  the  Har- 
vard Botanical  Museum  traveled  to  Oaxaca,  Mexico,  and  col- 
lected specimens  of  several  different  types  of  mushrooms  being 
used  in  sacred  rituals  by  the  Mazatec  people  of  that  region.  The 
publication  of  Schultes’  findings  ultimately  led  Gordon  Was- 
son, a wealthy  investment  banker  and  amateur  mycologist 
(someone  who  studies  fungi),  to  visit  Oaxaca  in  1953  and  again 
in  1955.  During  the  second  visit,  Wasson  and  a photographer 
friend  became  the  first  known  Westerners  to  participate  in  a 
Native  American  mushroom  eating  ritual,  which  was  led  by  a 
Mazatec  curandera,  or  shaman,  named  Maria  Sabina  (Figure 
14.3).  In  a 1957  Life  magazine  article  entitled  “Seeking  the 
Magic  Mushroom, ”f  Wasson  describes  his  reaction  as  follows: 


Among  those  who  read  Wasson’s  account  was  Timothy 
Leary,  a young  clinical  psychologist  pursuing  a mainstream 
academic  career.  But  after  gaining  a lectureship  at  Harvard 
in  late  1959,  Leary  began  to  have  reservations  about  his  cho- 
sen career  path.  Then  while  vacationing  in  Mexico  the  fol- 
lowing summer,  Leary  ate  a handful  of  “magic  mushrooms” 
and  underwent  the  same  kind  of  transforming  experience 
reported  by  Huxley  several  years  earlier  with  mescaline. 
Leary  returned  to  work,  where  he  founded  the  Harvard  Psy- 


We  lay  down  on  the  mat  that  had  been  spread  for  us,  but  no 
one  had  any  wish  to  sleep  except  the  children,  to  whom 
mushrooms  are  not  served.  We  were  never  more  wide 
awake,  and  the  visions  came  whether  our  eyes  were  opened 
or  closed.  They  emerged  from  the  center  of  the  field  of 
vision,  opening  up  as  they  came,  now  rushing,  now  slowly, 
at  the  pace  that  our  will  chose.  They  were  in  vivid  color, 

always  harmonious.  They  began  with  art  motifs Then 

they  evolved  into  palaces  with  courts,  arcades,  gardens 

Then  I saw  a mythological  beast  drawing  a regal  chariot. 
Later  it  was  as  though  the  walls  of  our  house  had  dissolved, 
and  my  spirit  had  flown  forth,  and  I was  suspended  in  mid- 
air viewing  landscapes  of  mountains,  with  camel  caravans 
advancing  slowly  across  the  slopes,  the  mountains  rising  tier 

above  tier  to  the  very  heavens For  the  first  time  the  word 

ecstasy  took  on  real  meaning.  For  the  first  time  it  did  not 
mean  someone  else’s  state  of  mind.  (Wasson,  1957,  pp.  102, 
103, 109) 


*In  ancient  cultures,  shamans  were  people  thought  to  possess  spe- 
cial abilities  to  contact  the  spirit  world. 


tThe  title  of  this  article  is  generally  considered  to  be  the  first  use  of 
the  term  “magic  mushroom.” 


Figure  14.3  Maria  Sabina  engaged  in  the  mushroom  eat- 
ing ritual 
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Cnedelic  Drug  Research  Program.  In  his  own  words,  the  pur- 
pose of  this  program  was  “to  teach  individuals  how  to 
self-administer  psychoactive  drugs  in  order  to  free  their  psy- 
ches without  reliance  upon  doctors  or  institutions”  (Leary, 
1984,  p.  35).  Over  the  next  few  years,  Leary  and  his  colleague 
Richard  Alpert  (later  known  as  Ram  Dass)  gave  psilocybin  to 
many  graduate  students  and  faculty  members,  as  well  as  to 
notable  artists,  writers,  and  musicians.  He  also  began  exper- 
imenting with  LSD,  having  taken  the  drug  for  the  first  time 
in  1962.  Leary  and  Alperfs  work  became  increasingly  con- 
troversial, and  they  were  dismissed  from  Harvard  in  1963, 
but  they  continued  their  activities  privately  and  went  on  to 
become  leaders  of  the  psychedelic  movement. 

Other  naturally  occurring  hallucinogens  include 
DMT  and  5-MeO-DMT 

DMT  and  5-MeO-DMT  are  found  in  a number  of  plants 
that  are  indigenous  to  South  America.  Native  tribes  in 
Brazil,  Colombia,  Peru,  and  Venezuela  make  hallucinogenic 
snuffs  from  plants  containing  these  compounds.  From  the 
Amazonian  rain  forest  also  comes  a strong  reddish-brown 
drink  called  ayahuasca,  which  is  a Quechua  Indian  word 
meaning  “vine  of  the  soul.”  This  potent  hallucinogenic  brew 
requires  at  least  two  different  kinds  of  plants,  typically  stalks 
from  the  Banisteriopsis  caapi  vine  as  well  as  leaves  from  Psy- 
chotria  viridis  and/or  Diplopteris  cabrerena.  Psychotria  and 
Diplopteris  provide  DMT,  whereas  the  vines  contribute  sev- 
eral alkaloids  called  p-carbolines,  which  are  known  to  inhib- 
it the  enzyme  monoamine  oxidase.  It  is  interesting  to  note 
that  DMT  is  usually  devoid  of  psychoactivity  when  taken 
orally,  but  this  is  not  the  case  when  people  drink  ayahuasca. 
Some  researchers  have  hypothesized  that  the  P-carbolines 
block  DMT  breakdown  by  monoamine  oxidase,  thereby 
permitting  the  substance  to  reach  the  brain  and  exert  its  hal- 
lucinogenic effects.  Recreational  users  in  this  country  occa- 
sionally brew  their  own  homemade  version  of  ayahuasca, 
but  more  typically  DMT  is  sold  in  powdered  form  and  taken 
by  smoking. 

Recently,  two  orally  active  synthetic  DMT  analogs  have 
been  gaining  in  popularity.  These  are  a-methyltryptramine 
(AMT)  and  5-methoxy-diisopropyltryptamine.  The  latter 
compound  is  known  on  the  street  as  “Foxy  Methoxy”  or  sim- 
ply “Foxy.”  One  type  of  foxy  tablet  is  shown  in  Figure  14.4. 

LSD 

LSD  is  a synthetic  compound  based  on 
ergot  alkaloids 

Unlike  mescaline,  psilocybin,  and  DMT,  LSD  is  a synthetic 
compound,  although  its  structure  is  based  on  a family  of 


Figure  14.4  Foxy  tablets 


fungal  alkaloids.  The  famous  story  about  the  synthesis  of 
LSD  and  the  discovery  of  its  astonishing  psychoactive  poten- 
cy is  presented  in  Box  14.1.  Once  LSD  was  made  available  to 
psychiatrists  and  medical  researchers  in  the  late  1940s  and 
early  1950s,  the  drug  began  to  be  intensively  studied.  Indeed, 
there  were  only  six  published  papers  on  LSD  before  1951,  but 
from  1951  to  1962  more  than  1000  LSD-related  articles 
appeared  in  the  scientific  literature  (U.S.  Department  of 
Health,  Education,  and  Welfare,  1968).  During  this  period, 
researchers  were  first  beginning  to  appreciate  that  nerve  cells 
in  the  brain  communicate  with  each  other  chemically  by 
means  of  neurotransmitters  like  serotonin.  When  LSD  was 
reported  to  alter  serotonergic  activity  (see  the  section  below 
on  the  pharmacology  of  hallucinogenic  drugs),  the  finding 
generated  tremendous  excitement  about  the  possibility  of 
understanding  human  mental  activity  and  behavior  at  a 
chemical  and  physiological  level. 

Some  researchers  approached  LSD  as  a psychotomimetic 
drug  that  would  help  reveal  the  biochemical  underpinnings 
of  schizophrenia.  However,  the  LSD  model  proved  to  be 
inadequate  in  a number  of  ways,  and  it  subsequently  gave 
way  to  a PCP/ketamine  model  that  is  discussed  later  in  the 
chapter.  Others  believed  that  LSD  could  be  a valuable  tool  in 
psychotherapy  or  psychoanalysis.  One  way  of  using  LSD  was 
in  psycholytic  therapy,  which  was  mainly  practiced  in  con- 
tinental Europe.  This  therapeutic  method  was  based  on  the 
concept  of  drug-induced  “psycholysis,”  meaning  psychic 
loosening  or  opening.  It  involved  giving  LSD  in  low  but 
gradually  increasing  doses  to  promote  the  release  of 
repressed  memories  and  enhance  communication  with  the 
analyst.  British,  Canadian,  and  American  psychiatrists,  on  the 
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BOX  14.1 


History  of  Psychopharmacology 


The  Discovery  of  LSD 


LSD  was  first  synthesized  in  1 938  by 
Albert  Hofmann,  a chemist  working 
for  the  Sandoz  pharmaceutical  com- 
pany in  Switzerland.  Sandoz  was  inter- 
ested in  alkaloids  obtained  from 
ergot,  a substance  produced  by  the 
parasitic  fungus  Claviceps  purpurea 
that  can  infest  rye  and  wheat  (see  the 
figure).  Ergot  is  an  extremely  toxic 
material,  and  consumption  of  ergot- 
contaminated  grain  can  cause  a seri- 
ous illness  known  as  ergotism. 

Although  no  outbreak  of  ergotism 
has  occurred  in  recent  years,  the  dis- 
ease was  quite  common  in  the  Middle 
Ages  and  is  thought  to  have  caused 
the  death  of  as  many  as  40,000  peo- 
ple in  the  year  944.  Nevertheless, 
ergot  came  to  have  medicinal  value 
because  it  produces  powerful  con- 
tractions of  the  uterus  that  can  help 
trigger  labor  and  reduce  postbirth 
uterine  hemorrhage. 

Hofmann  began  to  combine  lyser- 
gic acid,  which  is  the  core  structure  in 
all  ergot  alkaloids,  with  other  com- 
pounds to  see  what  would  emerge. 
The  twenty-fifth  different  substance 
synthesized  in  the  course  of  this 


research  was  d-lysergic  acid  diethy- 
lamide, which  Hofmann  abbreviated 
LSD-25  (from  the  German  name 
LysergSaure-Diathylamid).  Hofmann's 
purpose  in  making  this  compound 
was  to  generate  a new  circulatory  and 
respiratory  stimulant  (such  drugs  are 
sometimes  called  analeptics). This 
expectation  was  based  on  the  struc- 
tural similarity  of  LSD  to  nicotinic  acid 
diethylamide,  a known  analeptic  drug. 
However,  LSD  failed  to  show  any 
analeptic  activity,  so  the  compound 
was  temporarily  abandoned. 

Five  years  later,  Hofmann  decided 
to  reexamine  LSD,  thinking  that  it 
might  have  useful  pharmacological 
properties  not  recognized  during  ini- 
tial testing.  In  the  final  stages  of  syn- 
thesizing a new  batch  of  the  com- 
pound, he  was  overcome  by  a series  of 
strange  sensations  that  prevented  him 
from  continuing  in  the  lab. The  follow- 
ing famous  passage  is  taken  from  Hof- 
mann's report  to  Sandoz,  which 
describes  the  world's  first  LSD  "trip": 

Last  Friday,  April  1 6, 1 943, 1 was 
forced  to  interrupt  my  work  in  the 
laboratory  in  the  middle  of  the 
afternoon  and  proceed  home, 
being  affected  by  a remarkable 
restlessness,  combined  with  a slight 


dizziness.  At  home  I lay  down  and 
sank  into  a not  unpleasant  intoxi- 
cated-like  condition,  characterized 
by  an  extremely  stimulated  imagi- 
nation. In  a dreamlike  state,  with 
eyes  closed  (I  found  the  daylight  to 
be  unpleasantly  glaring),  I per- 
ceived an  uninterrupted  stream  of 
fantastic  pictures,  extraordinary 
shapes  with  intense,  kaleidoscopic 
play  of  colors.  After  some  two  hours 
this  condition  faded  away.  (Hof- 
mann, 1979,  p.  58). 

Hofmann  suspected  that  this  amaz- 
ing experience  had  come  from  acci- 
dentally ingesting  a small  amount  of 
the  newly  synthesized  LSD.  The  ref  ore, 
the  following  Monday  he  carefully 
measured  out  a minute  amount  of 
the  drug,  250  micrograms  (1/4000  of 
a gram),  dissolved  it  in  a small  volume 
of  water,  and  drank  it.  Hofmann  soon 
underwent  an  even  more  intense 
experience  than  before.  He  somehow 
managed  to  ride  his  bicycle  home 
with  the  help  of  a lab  assistant,  and 
his  hallucinations  took  a threatening 
form  that  later  passed,  leaving  him 
the  next  day  with  a profound  sense  of 
well-being  and  a temporarily  height- 
ened perceptual  awareness. 

Hofmann's  colleagues  at  Sandoz 
initially  did  not  believe  that  LSD 
could  be  as  potent  as  he  claimed,  but 
when  they  took  minute  quantities 
themselves  they  were  able  to  confirm 
Hofmann's  result.  Sandoz  first  market- 
ed LSD  in  1947  under  the  name 
Delysid  for  the  purpose  of  helping 
neurotic  patients  uncover  repressed 
thoughts  and  feelings.The  company 
also  suggested  that  psychiatrists  self- 
administer  the  drug  in  order  to  better 
understand  the  perceptual  distor- 
tions and  hallucinations  suffered  by 
patients  with  schizophrenia.  Remark- 
ably, even  now,  over  60  years  after 
LSD's  discovery,  we  still  don't  know 
what  accounts  for  the  tremendous 
potency  of  this  fascinating  com- 
pound. 
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other  hand,  tended  to  prefer  psychedelic  therapy,  in  which 
the  patient  was  typically  given  a single  high  dose  of  LSD  with 
the  hope  of  gaining  insight  into  his  or  her  problems  through 
a drug-induced  spiritual  experience.  During  the  1950s  and 
1960s,  a number  of  studies  were  performed  using  this  tech- 
nique to  treat  alcoholic  patients  (Mangini,  1998).  Unfortu- 
nately, these  studies  were  marred  by  poor  experimental  con- 
trol and  inconsistent  findings,  leading  to  a cessation  of  this 
work  by  the  early  1970s. 

Interestingly,  at  the  same  time  that  LSD  was  being  investi- 
gated as  a possible  aid  to  psychotherapy,  it  was  also  being 
considered  by  the  United  States  government  as  a potential 
psychological  weapon.  In  the  early  1950s,  the  Central  Intelli- 
gence Agency  (CIA)  began  a top  secret  program  called  MK- 
ULTRA  that  was  designed  to  investigate  the  possible  use  of 
LSD  as  a mind  control  agent  (Lee  and  Shlain,  1992).  In  one 
particularly  disgraceful  part  of  this  program,  CIA  operatives 
administered  LSD  to  unsuspecting  members  of  the  public  in 
order  to  observe  their  behavioral  reactions.  According  to  Lee 
and  Shlain  (1992),  Fidel  Castro  and  then  Egyptian  president 
Gamal  Abdel  Nasser  were  among  the  foreign  leaders  targeted 
for  LSD  “attacks,”  although  it  appears  that  no  such  attacks 
were  actually  carried  out  before  the  program  was  eventually 
disbanded. 

LSDs  popularity  exploded  with  the  hippie  culture  of  the 
1960s.  As  part  of  their  nonconformist,  anti-Establishment 
attitudes,  hippies  openly  sought  mind  expansion  through  the 
use  of  psychedelic  drugs,  especially  LSD.  However,  the 
inevitable  backlash  soon  occurred  amid  growing  anecdotal 
accounts  as  well  as  scientific  reports  of  LSD-related  prob- 
lems. A 1965  federal  law  greatly  restricted  new  research  on 
LSD,  and  soon  thereafter  Sandoz  stopped  distributing  LSD 
for  research  purposes  and  recalled  all  of  the  existing  drug 
that  had  previously  been  supplied  to  investigators.  After  a 
long  period  of  inactivity,  however,  clinical  research  on  LSD 
has  begun  to  make  a slow  comeback.  An  organization  called 
MAPS  (Multidisciplinary  Association  for  Psychedelic  Stud- 
ies) has  been  promoting  new  research  on  the  potential  psy- 
chotherapeutic applications  of  hallucinogens  (see  the  MAPS 
Web  site  at  www.maps.org).  Nevertheless,  given  the  general 
cultural  and  governmental  attitudes  toward  LSD  and  other 
hallucinogenic  drugs,  it  seems  unlikely  that  these  com- 
pounds will  enter  mainstream  psychiatric 
practice  any  time  soon. 

Recreational  use  of  LSD  was  banned 
nationwide  in  1967.  Of  course,  LSD  didn’t 
disappear,  it  merely  went  underground. 

Indeed,  in  recent  years  hallucinogenic  drug 
use  has  increased  as  a new  generation  of 
young  people  has  rediscovered  these  sub- 
stances. LSD  is  active  orally,  and  that  is  the 
standard  mode  of  administration.  As  we  read 
in  Box  14.1,  the  drug  is  so  potent  that  a single 


dose  in  crystalline  form  is  barely  visible  to  the  naked  eye. 
Consequently,  larger  amounts  of  LSD  representing  many 
doses  are  usually  dissolved  in  water  and  then  droplets  con- 
taining single-dose  units  are  applied  to  a sheet  of  paper  (a 
“blotter”)  and  dried.  The  paper  is  subsequently  divided  into 
individual  squares,  often  decorated  with  fanciful  designs,  and 
sold  as  single-dose  “tabs”  to  be  swallowed  by  the  user  (see 
chapter  opening  photograph). 


Pharmacology  of  Hallucinogenic  Drugs 

Different  hallucinogenic  drugs  vary  in  potency 
but  have  a similar  time  course  of  action 

One  way  of  comparing  the  potency  of  various  hallucinogenic 
drugs  is  to  consider  the  typical  doses  taken  by  recreational 
users.  Common  dose  ranges  for  LSD,  psilocybin,  mescaline, 
and  DMT  are  presented  in  Table  14.1.  You  can  see  that  these 
compounds  vary  widely  in  their  potency,  ranging  from  LSD 
as  the  most  potent  to  mescaline  as  the  least  potent.  All  of  the 
hallucinogens  that  are  taken  orally  have  a fairly  similar  time 
course  of  action.  Depending  on  the  dose  and  when  the  user 
last  ate,  the  psychedelic  effects  of  these  substances  generally 
begin  within  30  to  90  minutes  following  ingestion.  An  LSD 
or  mescaline  “trip”  typically  lasts  for  6 to  12  hours  or  even 
longer,  whereas  the  effects  of  psilocybin-containing  mush- 
rooms may  dissipate  a bit  sooner.  DMT,  however,  presents  a 
very  different  picture,  at  least  partly  due  to  its  route  of 
administration.  The  effects  of  smoked  DMT  are  felt  within 
seconds,  reach  a peak  by  5 to  20  minutes,  and  are  over  with- 
in an  hour  or  less.  For  this  reason,  the  DMT  experience  is 
sometimes  referred  to  as  the  “businessman’s  trip.” 


Hallucinogens  produce  a complex  set  of  psycho- 
logical and  physiological  responses 

Since  LSD  is  considered  to  be  the  prototypical  hallucinogen, 
we  will  focus  primarily  on  the  psychological  and  physiologi- 
cal responses  associated  with  this  compound.  Other  hallu- 
cinogens may  have  slightly  different  response  profiles,  but  the 
core  effects  are  similar  across  drugs.  The  state  of  intoxication 


TABLE  1 4.1  Route  of  Administration  and  Potency  of  Various 
Hallucinogenic  Drugs 


Drug 

Usual  route  of  administration 

Typical  dose  range 

LSD 

Oral 

50-100  pg  (0.05-0.10  mg) 

Psilocybin 

Oral 

10-20  mg 

Mescaline 

Oral 

200-500  mg 

DMT 

Smoking 

20-50  mg 
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produced  by  LSD  and  other  hallucinogens  is  usually  called  a 
“trip,”  presumably  because  the  user  is  taking  a mental  jour- 
ney to  a place  different  than  his  normal  conscious  awareness. 
The  LSD  trip  can  be  divided  into  four  phases:  (1)  onset;  (2) 
plateau;  (3)  peak;  and  (4)  “come-down.”  Trip  onset  occurs 
about  30  minutes  to  an  hour  after  one  takes  LSD.  Visual 
effects  begin  to  occur,  with  an  intensification  of  colors  and 
the  appearance  of  geometric  patterns  or  strange  objects  that 
can  be  seen  with  one’s  eyes  closed.  The  next  2 hours  of  the 
trip  represent  the  plateau  phase.  The  subjective  sense  of  time 
begins  to  slow  and  the  visual  effects  become  more  intense 
during  this  period^The  peak  phase  generally  begins  after 
about  3 hours  and  lasts  for  another  2 or  3 hours.  During  this 
phase,  the  user  feels  like  he’s  in  another  world  in  which  time 
has  been  suspended.  He  sees  a continuous  stream  of  bizarre, 
distorted  images  that  may  be  either  beautiful  or  menacing. 
The  user  may  experience  synesthesia,  a crossing-over  of  sen- 
sations in  which,  for  example,  colors  are  “heard”  and  sounds 
are  “felt.”  The  peak  is  followed  by  the  come-down,  a phase 
lasting  for  2 hours  or  more  depending  on  the  dose.  Most  of 
the  drug  effects  are  gone  by  the  end  of  the  come-down, 
although  the  user  may  still  not  feel  completely  normal  until 
the  following  day.  In  addition  to  the  sensory-perceptual 
effects  just  described,  hallucinogenic  drugs  produce  a wide 
variety  of  other  psychological  changes.  These  include  feelings 
of  depersonalization,  emotional  shifts  to  a euphoric  or  to  an 
anxious  and  fearful  state,  and  a disruption  of  logical  thought. 

A hallucinogenic  trip  as  a whole  may  be  experienced 
either  as  mystical  and  spiritually  enlightening  (a  “good  trip”) 
or  as  disturbing  and  frightening  (a  “bad  trip”).  Whether  the 
user  has  a good  or  bad  trip  depends  in  part  on  the  dose;  the 
individual’s  personality,  expectations,  and  previous  drug 
experiences;  and  the  physical  and  social  setting.  But  even  in 
the  best  of  circumstances,  one  cannot  predict  in  advance  the 
outcome  of  an  LSD  trip. 

Besides  their  psychological  effects,  hallucinogens  also  give 
rise  to  various  physiological  responses.  In  the  case  of  LSD, 
these  responses  reflect  activation  of  the  sympathetic  nervous 
system  and  include  pupil  dilation  and  small  increases  in 
heart  rate,  blood  pressure,  and  body  temperature.  LSD  use 
can  also  lead  to  dizziness,  nausea,  and  vomiting,  although 
such  reactions  are  more  likely  to  occur  after  consumption  of 
peyote  or  psilocybin-containing  mushrooms. 


Hallucinogenic  drugs  share  a common 
indoleamine  or  phenethylamine  structure 

Most  hallucinogenic  drugs  have  either  a serotonin-like  or  a 
catecholamine-like  structure.  The  serotonin-like,  or 
indoleamine,  hallucinogens  include  LSD,  psilocybin, 
psilocin,  DMT,  5-MeO-DMT,  and  the  synthetic  tryptamines 
mentioned  earlier.  When  the  serotonin  (5-HT)  molecule  is 
oriented  in  the  proper  manner,  it  is  easy  to  see  how  its  basic 


R = H;  Psilocin  5-Methoxy-DMT 

R = P03H2;  Psilocybin 


Figure  1 4.5  Structures  of  5-HT  and  the  indoleamine 
hallucinogens  The  core  indoleamine  structure  in  each  com- 
pound is  highlighted. 


structure  is  incorporated  into  the  structures  of  these  hallu- 
cinogenic compounds  (Figure  14.5).  Important  studies  in  the 
early  1950s  by  John  Gaddum  in  Scotland  and  by  Edward 
Wooley  and  David  Shaw  in  the  United  States  led  these  inves- 
tigators to  conclude  that  LSD  works  by  antagonizing  the 
action  of  5-HT  in  the  brain.  We  shall  see  in  the  next  section 
that  LSD  can  be  understood  more  as  an  agonist  than  as  an 
antagonist  in  the  serotonergic  system.  Nevertheless,  the  link- 
ing of  5-HT  with  such  a powerful  psychoactive  drug  as  LSD 
brought  this  recently  discovered  neurotransmitter  into  the 
forefront  of  behavioral  and  psychiatric  research,  a place  that 
it  continues  to  hold  to  the  present  day. 

Of  the  hallucinogens  covered  in  this  chapter,  the  only  one 
that  is  catecholamine-like  is  mescaline.  As  shown  in  Figure 
14.6,  mescaline  has  structural  similarities  to  the  neurotrans- 
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mitter  norepinephrine  (NE)  as  well  as  to  the  psychostimu- 
lant amphetamine.  Indeed,  amphetamine  can  produce  hal- 
lucinogenic effects  with  prolonged  administration  of  high 
doses,  and  several  amphetamine  analogs  such  as  2,5- 
dimethoxy-4-methylamphetamine  (DOM,  also  known  as 
“STP”)  and  3,4,5-trimethoxyamphetamine  (TMA)  possess 
even  greater  hallucinogenic  properties.  Together  with  mesca- 
line, these  NE-  and  amphetamine-related  compounds  are 
known  as  phenethylamine  hallucinogens. 

Hallucinogens  are  5-HT2  receptor  agonists 

Although  we  still  don’t  completely  understand  how  hallu- 
cinogens produce  their  dramatic  perceptual  and  cognitive 
effects,  some  progress  has  been  made.  Over  time  it  has 
become  clear  that  the  serotonergic  system  is  intimately 
involved  in  this  process,  but  that  still  leaves  a number  of  addi- 
tional questions.  Which  serotonergic  receptors  are  targeted  by 
hallucinogenic  drugs?  Do  other  neurotransmitters  also  play  a 
role?  Do  the  phenethylamine  hallucinogens  such  as  mescaline 
work  by  the  same  mechanism  as  indoleamine  hallucinogens 
like  LSD,  psilocybin/psilocin,  and  DMT?  Finally,  what  brain 
circuits  are  activated  by  hallucinogenic  drugs? 

Beginning  our  exploration  of  hallucinogenic  action  with 
LSD,  we  can  immediately  see  that  this  is  a very  complicated 
substance  with  respect  to  its  potential  effects  on  the  seroton- 
ergic system.  LSD  binds  with  relatively  high  affinity  to  at  least 
eight  different  serotonergic  receptor  subtypes:  5-HT]A,  5- 
HT1B,  5-HT1d,  5-HT2A,  5-HT2C,  5-HTsa,  5-HT6,  and  5-HT? 
(Nichols,  2004).  There  are  several  approaches  we  can  take 
toward  understanding  which  of  these  receptor  interactions 
are  important  for  basic  hallucinogenic  drug  action.  One 


Figure  1 4.6  Structures  of  NE  and  the  phenethylamine  hallucinogens  The 

core  phenethylamine  structure  in  each  compound  is  highlighted. 


approach  is  to  compare  the  receptor  binding  properties  of 
indoleamine  hallucinogens  such  as  LSD  with  those  of  the 
phenylethylamine  hallucinogens.  As  shown  in  Table  14.2, 
such  a comparison  reveals  that  the  only  known  common 
sites  of  interaction  for  both  classes  of  compounds  are  the  5- 
HT2A  and  5-HT2C  receptor  subtypes  (Aghajanian  and  Marek, 
1999).  Moreover,  the  potencies  of  various  phenethylamine 
hallucinogens  in  humans  are  closely  correlated  with  their 
affinities  for  both  of  these  subtypes  (Nelson  et  al.,  1999). 
Together,  these  findings  suggest  that  5-HT2A  and/or  5-HT2C 
receptors  might  play  a key  role  in  the  subjective  and  behav- 
ioral effects  of  hallucinogenic  drugs. 

Receptor  binding  data  alone  cannot  determine  the  mech- 
anism of  action  of  a psychoactive  drug.  Behavioral  studies 
are  also  needed.  There  is  little  work  on  the  neurochemistry 
of  LSD  action  in  humans  due  to  current  restrictions  on  clin- 
ical research  with  this  compound.  However,  Vollenweider 


TABLE  1 4.2  Known  Interactions  of  LSD  and 

Phenethylamine  Hallucinogens  with 
Specific  5-HT  Receptor  Subtypes0 


Receptor  subtype 

LSD 

Phenethylamines 

5-HTj  family 

+ 

- 

5-HT2A 

+ 

+ 

5-HT2C 

+ 

+ 

5-HT3 

- 

- 

5-HT, 

- 

? 

5-HT5A 

+ 

- 

5-HT6 

+ 

? 

5-HT7 

+ 

- 

Source : After  Aghajanian  and  Marek,  1999. 

a +,  significant  affinity  for  that  receptor  subtype;  low  affinity  for  that 
subtype;  ?,  no  currently  available  data. 
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Figure  1 4.7  Blockade  of  psilocybin- 
induced  visual  illusions  and  hallucina- 
tions by  5-HT2A  receptor  antagonists 

Subjects  received  0.25  mg/kg  of  oral  psilocy- 
bin (psi)  or  placebo  (pla),and  then  80  minutes 
later  they  completed  the  Altered  State  of  Con- 
sciousness (APZ-OAV)  rating  scale.The  sub- 
jects were  also  pretreated  either  with  placebo, 
oral  ketanserin  (kl  = 20  mg,  k2  = 40  mg),  oral 
risperidone  (rl  = 0.5  mg,  r2  = 1 .0  mg),  or  intra- 
venous haloperidol  (hi  =0.021  mg/kg). The 
data  shown  are  for  the  VUS  (visionary  restruc- 
turalization)  subscale,  which  assesses  halluci- 
natory phenomena,  visual  illusions,  and  other 
perceptual  changes.  In  all  cases,  psilocybin 
increased  VUS  scores  compared  to  placebo 
(pla  + psi  vs.  pla  + pla). These  increases  were 
dose-dependently  blocked  by  ketanserin  (kl 
+ psi  and  k2  + psi  vs.  pla  + psi)  and  by  risperi- 
done (rl  + psi  and  r2  + psi  vs.  pla  + psi)  but  not 
by  haloperidol  (hi  + psi  vs.  pla  + psi). (After 
Vollenweider  et  al.,  1 998.) 


and  his  coworkers  (1998)  studied  the  indoleamine  hallu- 
cinogen psilocybin  and  showed  that  drug-induced  visual 
illusions  and  hallucinations  were  dose-dependently  blocked 
by  ketanserin  and  risperidone,  two  compounds  that  antago- 
nize 5-HT2A  receptors.  Because  risperidone  also  blocks  D2 
receptors  for  dopamine  (DA),  it  is  important  to  note  that 
haloperidol,  an  antagonist  at  D2  but  not  5-HT2A  receptors, 
completely  failed  to  prevent  the  hallucinogenic  effects  of 
psilocybin  (Figure  14.7).  Thus  the  limited  human  data  avail- 
able at  this  time  suggest  an  important  role  for  5-HT2A  recep- 
tors in  the  mediation  of  drug-induced  hallucinations. 

Due  to  the  scarcity  of  human  experimental  research  on 
hallucinogens,  animal  studies  have  been  extremely  impor- 
tant in  helping  us  understand  how  these  drugs  work.  Stud- 
ies using  the  drug-discrimination  procedure  (see  Chapter  4) 
have  been  particularly  useful  in  this  regard.  Figure  14.8  pres- 
ents an  example  from  the  work  of  James  Appel  of  the  Uni- 
versity of  South  Carolina  and  his  collaborators  (Appel  et  al., 
2004).  The  researchers  first  trained  rats  to  press  one  lever  in  a 
Skinner  box  when  they  received  an  injection  of  LSD  and  a 
different  lever  when  they  received  saline.  Figure  14.8A  shows 

Figure  1 4.8  Acquisition  of  an  LSD/saline  discrimination 
and  attenuation  of  the  drug  stimulus  cue  by  5-HT2A 
receptor  antagonists  (A)  Rats  readily  learned  to  discriminate 
LSD  (0.08  mg/kg  intraperitoneally)  from  saline,  as  shown  by  the 
progressive  increase  in  responding  on  the  correct  lever  over 
days.  (B)  In  rats  previously  trained  to  discriminate  this  dose  of 
LSD  from  saline,  responding  on  the  LSD-appropriate  lever  was 
dose-dependently  reduced  by  pretreatment  with  the  5-HT2A 
receptor  antagonists  ritanserin,pirenperone,and  ketanserin. 
(After  Appel  et  al.,  2004.) 


(A) 


(B) 
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that  the  discriminative  stimulus  properties  of  the  drug  as 
measured  by  responding  on  the  appropriate  lever  were 
acquired  within  about  2 weeks.  Once  the  animals  had  been 
trained,  some  were  given  varying  doses  of  a 5-HT\A  receptor 
antagonist  such  as  ritanserin,  pirenperone,  or  ketanserin  1 
hour  prior  to  administration  of  LSD.  In  Figure  14.8B  you  can 
see  that  all  three  compounds  dose-dependently  reduced 
responding  on  the  LSD-appropriate  lever,  presumably 
because  the  interoceptive  cue  produced  by  LSD  was  blocked 
by  the  antagonist  pretreatment.  Indeed,  other  work  by  Winter 
et  al.  ( 1999)  has  shown  a strong  correlation  between  the  affin- 
ity of  various  serotonergic  antagonists  for  the  5-HT2A  recep- 
tor and  their  potency  in  blocking  the  LSD  stimulus  cue.  Based 
on  these  and  other  findings,  it  appears  that  the  discriminative 
stimulus  procedure  is  consistent  with  the  other  experimental 
approaches  discussed  earlier  in  this  section  that  point  to  the 
5-HT2A  receptor  as  a key  mediator  of  hallucinogenic  drug 
action. 

Most  hallucinogenic  drugs,  with  the  possible  exception  of 
DMT,  produce  rapid  tolerance  with  repeated  use.  Early  stud- 
ies involving  LSD  administration  to  human  subjects  found 
that  over  a 4-day  period  of  daily  dosing,  nearly  complete  tol- 
erance was  observed  by  the  fourth  day  (Nichols,  1997).  One 
likely  mechanism  underlying  this  tolerance  is  a down-regu- 
lation of  5-HT?a  receptors,  which  has  been  demonstrated  in 
rats  given  several  daily  doses  of  LSD  or  psilocybin  (Buckholtz 
et  al.,  1990).  Surprisingly,  mescaline  administration  did  not 
result  in  5-HT2A  receptor  down-regulation,  despite  the  fact 
that  this  compound  can  produce  behavioral  tolerance  like 
the  indoleamine  hallucinogens.  Therefore,  there  may  be  mul- 
tiple mechanisms  that  can  give  rise  to  hallucinogenic  drug 
tolerance. 

What  is  the  neural  mechanism  by  which 
hallucinations  are  produced? 

Although  the  above-mentioned  studies  have  helped  identify 
which  5-HT  receptor  is  most  important  for  hallucinogenic 
drug  effects,  they  do  not  tell  us  where  the  critical  receptors  are 
located  or  how  the  activation  of  these  receptors  produces  the 
sensory  and  cognitive  distortions  experienced  during  a “trip.” 
Due  to  a lack  of  relevant  human  studies,  these  questions  have 
thus  far  been  addressed  mainly  by  various  experimental 
approaches  using  animals.  For  example,  electrophysiological 
studies  by  George  Aghajanian  and  his  colleagues  have  sug- 
gested an  important  role  for  the  locus  coeruleus  (LC),  a dense 
cluster  of  norepinephrine-containing  neurons  in  the  pons 
that  is  responsible  for  most  of  the  noradrenergic  projections 
to  the  forebrain  (see  Chapter  5).  A key  feature  of  the  LC  is 
that  it  receives  and  integrates  input  from  all  of  the  major  sen- 
sory systems  and  sends  information  to  all  areas  of  the  cortex 
including  the  sensory  cortex.  Aghajanian’s  group  found  that 
LSD,  DOM,  and  mescaline  all  decreased  the  spontaneous  fir- 


ing of  rat  LC  neurons  but  paradoxically  enhanced  the  excita- 
tion of  these  cells  by  sensory  stimulation  (Aghajanian  and 
Marek,  1999).  This  effect  is  caused  by  drug-induced  activa- 
tion of  5-HT2A  receptors,  although  the  receptors  in  question 
are  not  located  directly  on  the  LC  neurons  but  rather  on  other 
cells  that  modulate  LC  activity.  A reduction  in  spontaneous 
neuronal  firing  with  a simultaneous  enhancement  of  sensory 
responsiveness  means  that  in  the  presence  of  hallucinogenic 
drugs,  the  LC  is  more  sensitive  to  sensory  input.  This  may  be 
one  of  the  key  factors  leading  to  the  genesis  of  hallucinations, 
although  Aghajanian  and  Marek  discuss  additional  processes 
that  may  also  play  important  roles. 

Franz  Vollenweider  and  Mark  Geyer  (2001)  have  pro- 
posed an  alternative  hypothesis,  in  which  they  suggest  that 
hallucinogenic  effects  are  produced  by  a disruption  of  nor- 
mal information  processing  in  a circuit  that  includes  the  pre- 
frontal cortex,  striatum,  and  thalamus.  This  hypothesis 
argues  that  hallucinogenic  drugs  interfere  with  the  normal 
“gating,”  or  screening,  of  sensory  information  passing 
through  this  circuit,  thereby  resulting  in  information  over- 
load at  the  cortical  level.  Vollenweider  and  Geyer  further 
argue  that  such  a mechanism  accounts  not  only  for  the  per- 
ceptual distortions  associated  with  hallucinogenic  drug  use 
but  also  for  simultaneous  disturbances  in  cognition  that 
these  investigators  consider  to  be  psychotic-like. 

Hallucinogenic  drugs  cause  problems 
for  some  users 

Hallucinogens  are  not  thought  to  be  addictive  in  the  stan- 
dard sense.  Users  do  not  binge  on  these  substances,  and  it  is 
rare  for  people  to  experience  the  kind  of  cravings  seen  with 
drugs  such  as  opiates,  cocaine,  ethanol,  and  nicotine.  Fur- 
thermore, hallucinogens  do  not  produce  physical  depend- 
ence or  withdrawal.  Finally,  these  compounds  are  not  effec- 
tive reinforcers  in  animal  tests  such  as  the  self-administration 
paradigm. 

Despite  this  lack  of  addictive  potential,  hallucinogens  can 
still  cause  serious  problems  for  some  users.  As  mentioned 
earlier,  the  user  may  have  a “bad  trip”  in  which  he  or  she 
experiences  an  acute  anxiety  or  panic  reaction  in  response  to 
the  drug’s  effects  (Figure  14.9).  Although  we  don’t  under- 
stand the  exact  cause  of  these  reactions,  they  are  probably 
related  to  an  interaction  between  the  drug,  the  individual’s 
emotional  state  going  into  the  trip,  and  the  external  environ- 
ment. In  most  cases,  friends  will  talk  the  person  through  the 
ordeal.  However,  if  this  is  unsuccessful,  then  it  may  be  nec- 
essary to  take  the  person  to  the  hospital  emergency  room  for 
treatment.  The  incidence  of  bad  trips  is  not  known,  but 
existing  data  from  older  clinical  studies  of  LSD  administra- 
tion suggest  that  they  are  rare  when  users  are  prescreened  for 
emotional  stability  and  the  environmental  conditions  are 
carefully  controlled. 
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Figure  1 4.9  LSD  users  sometimes  experience  acute  panic  or  anxiety  reactions 
to  the  drug  (a  "bad  trip"). 


A second  potential  complication  of  hallucinogen  use  is 
the  occurrence  of  flashbacks.  This  term  is  defined  in  the 
Diagnostic  and  Statistical  Manual  of  Mental  Disorders  (DSM- 
IV)  as  “the  reexperiencing,  following  cessation  of  use  of  a 
hallucinogen,  of  one  or  more  of  the  perceptual  symptoms 
that  were  experienced  while  intoxicated  with  the  hallucino- 
gen” (American  Psychiatric  Association,  1994,  p.  234).  When 
flashbacks  occur  a long  time  after  prior  drug  use  and  are  suf- 
ficiently intense  to  cause  major  disturbance  or  impairment, 
then  the  individual  is  considered  to  be  suffering  from  hallu- 
cinogen persisting  perception  disorder  (HPPD).  Halpern  and 
Pope  (2003)  recently  reviewed  the  literature  on  flashbacks 
and  HPPD.  They  concluded  that  although  some  LSD  users 
do  suffer  from  HPPD,  the  prevalence  of  this  disorder  may 
not  be  very  high  considering  the  relatively  few  documented 
cases  of  HPPD  in  relation  to  the  large  number  of  people  who 
have  taken  LSD  over  the  years.  The  neural  mechanisms 
responsible  for  flashbacks  have  not  yet  been  studied, 
although  it  is  interesting  to  note  that  the  use  of  other  psy- 
choactive drugs  such  as  marijuana  seems  to  trigger  flash- 
backs in  some  cases. 

The  most  severe  adverse  reaction  to  LSD  is  a psychotic 
breakdown.  At  one  time,  LSD  opponents  argued  that  this 
was  a major  risk  factor  in  using  this  substance.  However,  it 
now  seems  clear  that  prolonged  psychotic  episodes  follow- 
ing LSD  use  almost  invariably  involve  individuals  who  had 
already  been  diagnosed  with  a psychotic  disorder  such  as 
schizophrenia  or  who  had  manifested  prepsychotic  symp- 
toms before  taking  the  drug. 

Section  Summary 

Hallucinogens  are  substances  that  cause  perceptual  and  cog- 
nitive distortions  in  the  absence  of  delirium.  Many  hallu- 


cinogens such  as  mescaline,  psilocy- 
bin, DMT,  and  5-MeO-DMT  are 
plant  compounds  that  were  used  for 
hundreds  or  thousands  of  years  in 
spiritual  or  religious  ceremonies 
before  their  discovery  by  Western 
culture.  In  contrast,  LSD  is  a synthet- 
ic drug,  although  it  is  based  on  a 
series  of  alkaloids  found  in  ergot 
fungus. 

Recognition  of  the  powerful 
mind-altering  properties  of  hallu- 
cinogenic drugs  led  to  both  clinical 
and  recreational  use  beginning  in  the 
late  1950s  and  early  1960s.  Some  psy- 
chiatrists gave  patients  LSD  in  the 
course  of  psycholytic  or  psychedelic 
therapy.  LSD  became  readily  avail- 
able on  the  street  despite  a federal  ban  on  recreational  use  in 
1967.  Most  hallucinogenic  drugs  are  orally  active,  with  a slow 
onset  of  action  and  a long  time  course  of  action.  One  excep- 
tion is  DMT,  which  is  usually  smoked,  thereby  leading  to 
rapid  drug  effects  and  a much  shorter  duration  of  action.  Of 
the  commonly  used  hallucinogens,  LSD  is  the  most  potent 
and  mescaline  is  the  least  potent,  based  on  the  range  of  doses 
taken  by  users. 

An  LSD  “trip”  is  sometimes  divided  into  four  phases: 
onset,  plateau,  peak,  and  come-down.  During  the  trip,  the 
user  experiences  vivid  visual  hallucinations,  a slowing  of  the 
subjective  sense  of  time,  feelings  of  depersonalization,  strong 
emotional  reactions,  and  a disruption  of  logical  thought. 
There  are  also  physiological  reactions  such  as  pupil  dilation 
and  increased  heart  rate,  blood  pressure,  and  body  tempera- 
ture. A number  of  factors  determine  whether  the  user  has  a 
“good  trip”  or  a “bad  trip.” 

Hallucinogenic  drugs  are  classified  chemically  as  either 
indoleamines  or  phenethylamines.  The  indoleamines  are 
related  structurally  to  5-HT,  whereas  the  phenethylamines 
instead  share  a common  structure  with  NE.  Both  classes  of 
drugs  are  agonists  at  5-HT2  receptors,  which  is  believed  to  be 
an  essential  component  of  their  hallucinogenic  properties. 
Activation  of  5-HT7A  receptors  may  be  particularly  impor- 
tant for  hallucinogenic  activity.  Repeated  exposure  to  hallu- 
cinogens leads  to  rapid  tolerance,  possibly  through  down- 
regulation  of  these  receptors  in  key  target  cells.  The  specific 
brain  areas  responsible  for  the  production  of  hallucinogenic 
drug  effects  have  not  yet  been  identified,  but  hypotheses  have 
been  proposed  that  focus  either  on  the  locus  coeruleus  or  on 
the  cortical-striatal-thalamic  circuit. 

Hallucinogens  are  not  considered  to  be  dependence  form- 
ing or  addictive.  However,  they  can  lead  to  other  adverse 
effects  such  as  “bad  trips”  and  flashbacks.  People  who  suffer 
from  severe  flashbacks  long  after  discontinuing  hallucino- 
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genic  drug  use  are  diagnosed  as  having  hallucinogen  persist- 
ing perception  disorder.  At  the  present  time,  little  is  known 
about  the  causes  or  treatment  of  HPPD. 


PCP  and  Ketamine 

Background  and  History 

This  section  of  the  chapter  deals  with  two  closely  related 
compounds:  phencyclidine  and  ketamine.  Phencyclidine  is 
usually  abbreviated  PCP,  which  comes  from  the  drug’s  full 
chemical  name,  l-(l-phenylcyclohexyl)piperidine  (Figure 
14.10).  PCP  (trade  name  Sernyl)  was  first  tested  in  the  mid- 
1950s  by  Parke,  Davis  and  Company  as  a potential  anesthet- 
ic agent.  However,  early  studies  revealed  that  the  drug  pro- 
duced an  unusual  kind  of  anesthesia.  Although  subjects 
given  PCP  showed  no  responsiveness  to  nociceptive  (painful) 
stimuli,  they  were  not  in  the  typical  state  of  relaxed  uncon- 
sciousness seen  with  traditional  anesthetics  like  barbiturates. 
Instead,  the  subjects  exhibited  a trancelike  or  catatonic-like 
state  characterized  by  a vacant  facial  expression,  fixed  and 
staring  eyes,  and  a maintenance  of  muscle  tone.  Indeed,  it 
was  not  unusual  for  individuals  to  develop  either  rigidity  or 
waxy  flexibility,  motor  symptoms  often  observed  in  cataton- 
ic schizophrenics. 

PCP  was  initially  thought  to  be  clinically  promising 
because  it  did  not  produce  the  respiratory  depression  asso- 
ciated with  barbiturate  anesthesia  and  thus  possessed  a high 
therapeutic  index  (see  Chapter  1).  However,  early  enthusi- 
asm was  soon  tempered  by  reports  of  problematic  reactions 
in  many  patients.  In  a few  cases,  this  took  the  form  of 
marked  agitation  rather  than  quieting  during  the  drug- 
induced  state.  In  other  instances,  PCP  induced  postopera- 
tive reactions  ranging  from  blurred  vision,  dizziness,  and 
mild  disorientation  to  much  more  serious  reactions  involv- 
ing hallucinations,  severe  agitation,  and  even  violence.  These 
problems  caused  the  clinical  use  of  PCP  to  be  terminated  in 
1965. 


Figure  1 4.1 0 Chemical  structures  of  PCP  and  ketamine 


Of  course,  the  abandonment  of  PCP  as  a medication  did 
not  prevent  it  from  coming  into  illicit  use.  In  1967,  PCP 
found  its  way  onto  the  streets  of  several  cities  including  San 
Francisco,  where  it  was  dubbed  the  “PeaCe  Pill”  by  the  drug 
culture  protesting  the  Vietnam  War.  By  the  mid-1970s,  PCP 
use  and  abuse  under  new  street  names  such  as  “angel  dust” 
and  “hog”  had  become  much  more  widespread  across  the 
country.  Yet  the  popularity  of  this  drug  never  rivaled  that  of 
marijuana  or  even  cocaine  or  heroin,  and  the  incidence  of 
PCP  use  subsequently  declined  to  the  rather  low  level  seen  at 
the  present  time. 

Ketamine  came  into  being  as  a safer  alternative  to  PCP. 
Even  before  PCP  was  withdrawn,  Parke,  Davis  had  begun  to 
screen  related  compounds  in  the  hope  of  finding  one  that 
would  be  less  toxic  in  its  behavioral  effects.  One  such  com- 
pound, designated  CI-581,  was  synthesized  in  1962  and  first 
tested  in  humans  2 years  later.  CI-581,  later  renamed  keta- 
mine, was  less  potent  and  shorter  acting  than  PCP.  Ketamine 
was  soon  found  to  be  a valuable  anesthetic  for  certain  med- 
ical procedures,  particularly  in  children,  and  it  is  also  widely 
used  as  a general  sedating  and  immobilizing  agent  by  veteri- 
narians. It  is  currently  marketed  legally  as  a prescription 
medication  under  the  trade  names  Ketalar,  Ketaset,  and  Veta- 
lar.  Despite  its  lower  potency,  ketamine  can  still  cause  adverse 
emergence  reactions  in  human  patients  similar  to  those  seen 
with  PCP.  Fortunately,  techniques  have  been  developed  to 
minimize  the  frequency  of  such  reactions. 


Pharmacology  of  PCP  and  Ketamine 

PCP  and  ketamine  produce  a 
state  of  dissociation 

PCI^is  generally  obtained  in  powdered  or  pill  form,  and  the 
drug  can  be  ingested  by  virtually  any  common  route.  It  can 
be  taken  orally,  administered  intranasally  (i.e.,  snorted),  or 
injected  intravenously  or  intramuscularly.  Many  PCP  users 
apply  the  drug  to  tobacco,  marijuana,  or  parsley  cigarettes  for 
purposes  of  smolajig,.  Illicitly  used  ketamine  typically  comes 
from  the  diversion  or  theft  of  medical-T>r  veterinary-grade 
material.  Ketamine  is  marketed  commercially  as  an  injectable 
liquid,  but  street  sellers  commonly  evaporate  the  liquid  to 
yield  a powder  that  is  either  snorted  directly  or  compressed 
into  pill  form  (Figure  14.11).  It  is  sold  on  the  street  under 
such  names  as  “K,”  “special  K,”  or  “cat  Valium.”  Users  who 
don’t  wish  to  become  too  intoxicated  often  snort  small  lines 
or  piles  of  ketamine  called  “bumps.”  However,  initial  snort- 
ing of  ketamine  can  escalate  over  time  to  intramuscular  or 
even  intravenous  injection  of  the  liquid  solution  as  the  user 
becomes  tolerant  to  the  drug  or  seeks  a more  powerful  effect. 

The  first  studies  on  the  subjective  effects  of  PCP  were 
conducted  in  the  late  1950s  and  early  1960s.  When  given  a 
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Figure  14.1 1 Ketamine  crystals 


describe  this  unique  state  of  detachment 
(E.  F.  Domino,  personal  communica- 
tion). This  term  was  subsequently  applied 
to  both  ketamine  and  PCP. 

More  recent  studies  have  documented 
the  subjective  experiences  reported  by 
ketamine  users  while  in  the  dissociated 
state  (Table  14.3).  As  noted  in  the  table, 
the  individual  may  feel  separated  from 
his  body,  perhaps  floating  above  and 
looking  down  at  himself.  Some  have 
described  this  as  a “near-death”  experi- 
ence (Jansen,  2000,  2001),  even  though 
the  person  is  not  actually  dying.  This  state 
of  being,  which  is  called  the  “K-hole,”  can 
be  either  spiritually  uplifting  or  terrify- 
ing. As  one  user  put  it,  “A  K-hole  can  be 
anything  from  going  to  hell  and  meeting 
Satan  to  going  to  heaven  and  meeting 
God”  (quote  from  Time  Out,  2000,  p.  20). 


subanesthetic  dose  of  PCP,  subjects  reported  feeling  detached 
from  their  body,  sensations  of  vertigo  or  of  floating,  numb- 
ness, and  sometimes  a dreamlike  state.  They  also  experienced 
a variety  of  affective  reactions  including  drowsiness  and  apa- 
thy, loneliness,  negativism  or  hostility  toward  the  experi- 
menters, or,  alternatively, ^euph^ui^nd  inebriation  toward 
them.  Finally,  all  of  the  treated  subjects  exhibited  a marked 
cognitive  disorganization  manifested  by  difficulty  in  main- 
taining concentration  or  fnrn^  dffiHpnripc  thiny. 

ing,  and  halting  speech. 

Edward  Domino  and  his  colleagues  at  the  University  of 
Michigan  published  the  first  study  of  ketamine’s  pharmaco- 
logical effects  in  1965.  Low  doses  of  keta- 
mine yielded  reactions  similar  to  those 
mentioned  in  the  previous  paragraph  for 
low-dose  PCP  administration.  However, 
when  subjects  received  doses  in  the  anes- 
thetic range  (at  least  1 mg/kg  intravenous- 
ly), the  investigators  observed  a remarkable 
phenomenon.  The  subjects  appeared  to  lose 
all  mental  contact  with  their  environment 
for  up  to  10  minutes  or  more,  despite  the 
fact  that  their  eyes  remained  open  and  they 
retained  significant  muscle  tone.  When 
Domino  described  to  his  wife  how  the  keta- 
mine-treated subjects  seemed  to  be  discon- 
nected from  their  environment,  she  pro- 
posed the  term  dissociative  anesthesia  to 


PCP  and  ketamine  exhibit  potent 
reinforcing  effects 

Both  PCP  and  ketamine  are  highly  rein- 
forcing in  several  different  species  of  animals,  as  shown  by 
drug  self-administration.  Interestingly,  early  studies  on  rhe- 
sus monkeys  that  self-administered  high  doses  of  PCP  found 
that  the  animals  took  in  sufficient  quantities  of  the  drug  to 
be  intoxicated  almost  continuously  (Balster  and  Woolverton, 
1980,  1981).  Under  the  influence  of  PCP,  the  subjects  could 
not  support  themselves  on  four  legs,  but  instead  were  typi- 
cally found  near  the  response  lever  either  in  an  awkward  sit- 
ting position  or  lying  on  the  cage  floor.  The  ability  to  elicit 
self- intoxication  in  animals  is  not  unique  to  PCP,  but  has  also 
been  observed  with  cocaine,  amphetamine,  opiates,  and  in 
some  cases  alcohol. 


TABLE  1 4.3  Subjective  Experiences  Reported  by  Ketamine  Users 

Sensations  of  light  coming  through  the  body  and/or  of  colorful  visions 

Complete  loss  of  time  sense 

Bizarre  distortions  of  body  shape  or  size 

Altered  perception  of  body  consistency  (e.g.,  feeling  as  though  one  is  made  of 
a strange  material  such  as  rubber,  plastic,  or  wood) 

Sensations  of  floating  or  hovering  weightlessly  in  space 
Feelings  of  leaving  one’s  body 

Sudden  insights  into  the  mysteries  of  existence  or  of  the  self 
Experiences  of  being  “at  one”  with  the  universe 
Visions  of  spiritual  or  supernatural  beings 

Source:  After  Dalgarno  and  Shewan,  1996. 
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Figure  14.12  Self-administration  of  PCP  into  the  nucleus 
accumbensshell  by  rats  Rats  in  the  PCP  test  group  were 
trained  tolever-press  for  administration  of  1 2 nmol  of  PCP 
directly  into  the  shell  of  the  nucleus  accumbens,a  brain  region 
known  to  be  important  for  the  rewarding  effects  of  many 
abused  drugs.The  rats  were  tested  for  3-hour  sessions  on  a con- 
tinuous reinforcement  schedule,  which  means  that  every  lever- 
pressing response  resulted  in  drug  infusion.  Each  animal  in  the 
PCP-yoked  group  was  paired  with  an  animal  in  the  PCP  test 
group.These  yoked  control  animals  received  a PCP  infusion 
each  time  their  counterpart  pressed  its  lever. The  vehicle  group 
received  an  intra-accumbens  infusion  of  the  vehicle  solution  for 
each  response.  (A)  shows  that  the  PCP  test  group  readily  self- 
administered  PCP  into  the  nucleus  accumbens  shell,  as  shown 
by  their  increasing  lever-pressing  behavior  across  test  sessions. 
When  vehicle  was  substituted  for  PCP  during  session  9, 
responding  dropped  to  the  same  low  level  exhibited  by  the 
PCP-yoked  and  vehicle  control  groups.  (B)  shows  the  pattern  of 
lever  pressing  during  session  8 for  representative  animals  from 
each  group.  (After  Carlezon  and  Wise,  1 996.) 


PCP  and  ketamine  activate  midbrain  DA  cell  firing  and 
stimulate  DA  release,  particularly  in  the  prefrontal  cortex. 
This  enhancement  of  (fojp^inergic  neurotransmission 
could  contribute  to  PCP’s  and  ketamine  s r ei nfo r cmgjdfectfr — ' 
On  the  other  hand,  rats  will  also  self-administer  PCP  direct- 
ly into  the  nucleus  accumbens  (Figure  14.12),  and  this  local 
reinforcing  effect  appears  to  be JDA- independent  (Carlezon 
and  Wise,  1996).  Thus  it  seems  likely  that  there  are  both 
dopaminergic  and  nondopaminergk  mechanisms  underly- 
ing PCP  and  ketamine  reinforcement. 


PCP  and  ketamine  are  noncompetitive  antago- 
nists of  NM DA  receptors 

The  principal  molecular  target  for  both  PCP  and  ketamine  is 
the  NMDA.  (N-  methyl-  D - aspartate ) receptor.  To  review  briefly, 
the  NMDA  receptor  is  an  important  ionotropic  receptor  for  the 
excitatory  amino  acid  neurotransmitter  glutamate.  PCP  and 
ketamine  are  both  noncompetitive  antagonists  at  the  NMDA 
receptor  complex;  that  is,  theyblocETHe  receptor  at  a site  dif- 
ferent than  the  site  at  which  glutamate  or  NMDA  binds.  In  fact, 
as  we  saw  in  Chapter  7,  the  PCP/ketamine  binding  site  is  found 
inside  of  the  receptor’s  ion  channel  (see  Figure  7.5).  NMDA 
receptors  are  widely  distributed  in  the  brain  and  play  a key  role 
in  glutamate  signaling.  The  cerebral  cortex  and  hippocampus 
contain  significant  numbers  of  NMDA  receptors,  and  block- 
ade of  the  receptors  in  these  areas  presumably  contributes  to 
the  cognitive  deficits  produced  by  PCP  and  ketamine.  Other 
behavioral  and  subjective  effects  of  these  substances  are  also 
thought  to  be  mediated  by  NMDA  receptor  antagonism, 
although  the  exact  mechanisms  are  not  yet  fully  understood. 

Dextromethorphan,  a common  ingredient  in  over-the- 
counter  cough  and  cold  medications,  is  another  noncompet- 
itive NMDA  receptor  antagonist  with  abuse  potential.  This 
compound  is  discussed  in  Box  14.2 

Ketamine  is  an  increasingly  popular 
drug  of  abuse 

Data  from  the  National  Survey  on  Drug  Use  and  Health  indi- 
cate that  the  prevalence  of  PCP  use  is  much  lower  than  that 
of  major  abused  drugs  like  alcohol,  marijuana,  cocaine,  and 
heroin.  There  are  currently  no  comparable  statistics  for  keta- 
mine, but  the  use  of  this  substance  is  believed  to  be  on  the 
rise  primarily  due  to  its  popularity  at  raves. 

Although  ketamine  has  only  recently  come  to  the  atten- 
tion of  the  popular  media,  illicit  use  and  abuse  of  this  sub- 
stance actually  dates  back  many  years.  Some  abusers  were, 
and  continue  to  be,  medical  or  veterinary  practitioners  who 
have  easy  access  to  ketamine  in  the  course  of  their  work.  Ket- 
amine was  also  favored  by  some  intellectuals  as  a mind- 
expanding drug  in  the  tradition  of  LSD.  Two  of  the  most 
famous  ketamine  users  were  Marcia  Moore,  a well-known 
astrologer  and  author  of  the  1970s,  and  Dr.  John  Lilly,  a physi- 
cian and  researcher  known  for  his  groundbreaking  studies  on 
interspecies  communication  (for  example,  with  dolphins) 
and  on  the  psychological  effects  of  sensory  isolation.  Both 
Moore  and  Lilly  became  heavily  dependent  on  ketamine,  and 
both  developed  psychotic  reactions  as  a result.* 


*In  Moore  s case,  the  consequences  were  especially  tragic  when  she 
left  her  home  on  a cold,  wintry  night  in  1979,  climbed  a tree,  gave 
herself  a ketamine  injection,  and  froze  to  death  while  in  a state  of 
drug  intoxication. 
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BOX  1 4.2 


Pharmacology  in  Action 


Getting  High  on 
Cough  Syrup 


One  of  the  most  annoying  features  of 
a bad  cold  is  the  persistent  cough  that 
it  may  bring  on. That  is  why  antitus- 
sives,  medications  that  suppress  the 
cough  reflex,  are  big  sellers  in  phar- 
macies across  the  country.The  active 
ingredient  in  most  of  these  over-the- 
counter  products  is  an  opioid-like 
compound  called  dextromethor- 
phan. For  example,  dextromethor- 
phan is  the  antitussive  agent  in  Robi- 
tussin-DM  cough  syrup  as  well  as  in 
Coricidin  HBP  Cough  & Cold  tablets. 
Unlike  codeine,  an  opioid  agonist  typ- 
ically found  in  prescription  cough 
medications,  dextromethorphan  does 
not  directly  stimulate  opioid  recep- 
tors. Instead,  it  is  known  to  be  a non- 
competitive NMDA  receptor  antago- 
nist, much  like  PCP  and  ketamine. 

Cough  medications  based  on  dex- 
tromethorphan have  been  on  the 
market  for  many  years.The  first  one 
was  Romilar,a  dextromethorphan- 
containing  tablet  that  was  introduced 
in  the  1 960s.  Romilar  was  meant  to  be 
a replacement  for  codeine-containing 
medications,  since  the  latter  were 
already  being  abused.  However,  it  did 
not  take  long  before  users  discovered 
the  psychoactive  properties  of  Romi- 
lar and  began  abusing  it  as  well. The 
drug  was  eventually  withdrawn  from 
the  market  and  later  replaced  with  a 
codeine-containing,  prescription-only 
version.  Pharmaceutical  companies 
subsequently  decided  to  put  dex- 
tromethorphan into  a cough  syrup, 
presumably  to  discourage  recreation- 
al use  by  requiring  the  ingestion  of 
large  amounts  of  the  syrup  in  order  to 
obtain  a psychoactive  effect.  However, 
this  has  not  prevented  users,  typically 
adolescents  or  young  adults,  from 
continuing  to  experiment  with  this 
substance. 


Dextromethorphan  is  typically 
taken  orally  in  the  form  of  cough 
syrup  or  tablet.  On  the  street  it  goes 
by  names  like//DXM,,,//DM/,or//Robo." 
The  standard  dose  of  dextromethor- 
phan for  cough  suppression  is  1 5 to 
30  mg,  but  recreational  users  take 
doses  that  are  at  least  1 0 times  higher. 
This  requires  drinking  half  or  more  of 
a typical  8-oz.  bottle  of  cough  syrup. 
There  are  even  reports  of  heavy  users 
ingesting  three  or  four  entire  bottles 
in  one  day.  Drinking  this  much  cough 
syrup  usually  causes  nausea  and  vom- 
iting due  to  the  effects  of  guaifenesin, 
an  expectorant  (agent  that  facilitates 
expulsion  of  phlegm  from  the  throat 
or  airways)  found  in  most  cough 
syrups.  Some  users  have  tried  to  avoid 
this  unpleasant  side  effect  by  taking 
large  amounts  of  dextromethorphan- 
containing  Coricidin  tablets.  However, 
this  is  a very  dangerous,  even  poten- 
tially fatal,  practice  due  to  the  pres- 
ence of  chlorpheniramine  in  these 
tablets. Chorpheniramine  is  an  anti- 
histamine/anticholinergic agent  that 
not  only  produces  serious  reactions 
by  itself  at  high  doses  but  also  intensi- 
fies the  effects  of  dextromethorphan 
by  inhibiting  its  metabolism  in  the 
liver.  Given  the  limitations  associated 
with  dextromethorphan  use  via  stan- 
dard cough  medications,  enterprising 
users  have  discovered  methods  for 
extracting  the  substance  from  cough 
syrup.  As  a result,  dextromethorphan 
has  become  available  on  the  street  in 
repackaged  pills  or  capsules  for  oral 
administration  and  even  in  powdered 
form  for  intranasal  use  (snorting). 
Indeed,  tablets  sold  as  “Ecstasy"  occa- 
sionally contain  dextromethorphan 
instead  of  the  expected  MDMA. 

Users  report  that  the  subjective 
effects  of  dextromethorphan  occur  as 
a series  of  four  dose-related  "plateaus." 
Low  doses  (approximately  2 oz.of 
cough  syrup)  produce  the  first 
plateau,  during  which  the  user  feels  a 
mild  euphoria  and  intoxication  and 


may  also  experience  slight  perceptual 
effects.The  second  plateau  is  the 
most  commonly  sought  after  and 
requires  a dose  of  about  4 oz.,  con- 
taining more  than  200  mg  of  dex- 
tromethorphan. At  this  stage,  the  user 
becomes  ataxic,  experiences  visual 
hallucinations  when  he  closes  his 
eyes,  and  is  significantly  more  intoxi- 
cated than  at  the  first  plateau. The 
third  and  fourth  plateaus  occur  at 
doses  ranging  from  400  to  1 000  mg  or 
more  of  dextromethorphan.  At  these 
doses,  the  drug  produces  powerful 
dissociative  effects  resembling  those 
seen  with  PCP  and  ketamine. 

As  mentioned  earlier,  the  principal 
molecular  target  of  dextromethor- 
phan is  believed  to  be  the  NMDA 
receptor.This  is  supported  not  only  by 
in  vitro  receptor  binding  and  electro- 
physiological  studies  but  also  by  the 
demonstration  that  both  dex- 
tromethorphan and  its  bioactive 
metabolite  dextrorphan  exert  PCP- 
like  discriminative  stimulus  effects  in 
both  rats  and  monkeys  (Nicholson  et 
al.,  1999). The  dissociative  effects  of 
dextromethorphan  at  high  doses  in 
human  users  are  also  consistent  with 
a mechanism  involving  NMDA  recep- 
tor blockade. 

We  do  not  have  good  statistics  at 
this  time  on  the  prevalence  of  recre- 
ational dextromethorphan  abuse 
across  the  population.  However, 
recent  informal  school  surveys  (Noo- 
nan et  al.,2000)  as  well  as  hospital 
reports  (Banerji  and  Anderson,  2001) 
indicate  that  dextromethorphan-con- 
taining medications  are  being  abused 
by  school-age  children.  Several  deaths 
among  dextromethorphan  abusers 
have  also  been  recorded.Therefore,  it 
is  particularly  important  for  parents  to 
become  more  knowledgeable  about 
this  substance  and  for  educators  to 
inform  young  people  about  the 
potential  dangers  associated  with  the 
recreational  use  of  cough  syrups  and 
tablets. 
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Development  of  ketamine  tolerance  and  dependence  can 
be  seen  not  only  in  the  extreme  cases  of  Marcia  Moore  and 
John  Lilly  but  also  in  the  self-reports  of  other  heavy  users. 
Accounts  of  dose  escalation  and  compulsive  use  are  present- 
ed by  Karl  Jansen,  a British  psychiatrist  who  has  investigated 
ketamine  use  for  many  years  (Jansen,  2001;  Jansen  and  Dar- 
racot-Cankovic,  2001).  Interestingly,  many  of  the  ketamine- 
dependent  subjects  studied  by  Jansen  are  described  as  being 
highly  intelligent,  even  Ph.D.  students.  One  straight-A  Ph.D. 
candidate  said  that  overcoming  his  ketamine  problem  was 
“harder  than  heroin”  (Jansen,  2001,  p.  167). 

PCP  and  ketamine  have  provided  new  insights 
into  the  neurochemistry  of  schizophrenia 

There  is  growing  interest  in  the  idea  that  PCP  and  ketamine 
may  help  us  understand  the  biological  underpinnings  of 
severe  psychopathology,  particularly  schizophrenia.  This  is 
based  on  two  related  findings:  first,  that  acute  PCP  or  keta- 
mine exposure  causes  perceptual,  cognitive,  and  affective 
responses  closely  resembling  many  of  the  symptoms  associ- 
ated with  schizophrenia  (see  Chapter  18);  and  second,  that 
administration  of  either  drug  to  patients  with  schizophrenia 
exacerbates  their  psychotic  symptoms. 

The  psychiatric  effects  of  a subanesthetic  ketamine  infu- 
sion in  healthy  volunteers  are  shown  in  Figure  14.13  (New- 
comer et  al.,  1998).  Although  the  figure  depicts  total  symp- 
tom scores,  it  is  worth  noting  that  the  subjects  experienced 


Figure  1 4.1 3 Ketamine  administration  produces  a dose- 
dependent  increase  in  psychotic-like  symptoms.  Subjects 
were  given  an  intravenous  infusion  of  ketamine  at  one  of  three 
doses  designed  to  achieve  very  low,  moderate,  or  high  plasma 
drug  concentrations.  Psychotic-like  symptoms  were  assessed 
using  the  Brief  Psychiatric  Rating  Scale  (BPRS)  before  (baseline), 
during  (infusion),  and  after  (washout)  the  drug  treatment.The 
high  dose  of  ketamine  produced  a marked  increase  in  BPRS 
scores.  (After  Newcomer  et  al.,  1 998.) 


both  positive  symptoms  (hallucinatory  responses,  conceptu- 
al disorganization,  and  bizarre  thought  content)  and  nega- 
tive symptoms  (blunted  affect,  emotional  withdrawal,  and 
motor  retardation)  when  given  the  high  dose  of  ketamine.  In 
this  study,  the  psychotic-like  reaction  disappeared  after  drug 
administration  was  terminated.  However,  a subsequent  study 
of  recreational  ketamine  users  by  Curran  and  Morgan  (2000) 
found  that  dissociative  and  schizotypal  symptoms  (percep- 
tual distortion,  magical  ideation,  and  thought  disorder)  were 
still  present  3 days  after  the  most  recent  use. 

PCP  and  ketamine  have  also  been  used  by  some  investiga- 
tors in  searching  for  an  animal  model  of  schizophrenia.  One 
experimental  approach  has  been  to  examine  the  neurochem- 
ical and  behavioral  effects  of  administering  one  or  just  a few 
doses  of  the  compound.  In  contrast,  a research  group  head- 
ed by  Robert  Roth  at  Yale  University  has  proposed  that  long- 
term PCP  administration  may  provide  a better  model,  partic- 
ularly of  the  severe  cognitive  deficits  seen  in  schizophrenic 
patients  (Jentsch  et  al.,  1997;  Jentsch  et  al.,  2000).  One  advan- 
tage of  this  procedure  is  that  the  animals  can  be  studied  with- 
out the  drug  “on  board”  to  determine  whether  the  prior  treat- 
ment has  produced  lingering  behavioral  effects.  These 
researchers  found  that  2 weeks  of  twice-daily  PCP  adminis- 
tration to  vervet  monkeys  caused  severe  deficits  in  an  “object 
retrieval  with  a detour”  task  when  the  animals  were  tested  1 
week  after  the  last  drug  dose.  This  is  an  important  finding 
because  the  detour  task  involves  the  prefrontal  cortex,  which 
is  believed  to  be  dysfunctional  in  patients  with  schizophrenia 
(see  Chapter  18).  Moreover,  repeated  PCP  treatment  also  led 
to  a significant  reduction  in  DA  utilization  in  the  prefrontal 
cortex,  and  DA  hypofunction  in  this  area  is  also  thought  to 
occur  in  schizophrenia.  In  conclusion,  chronic  PCP  adminis- 
tration to  nonhuman  primates  is  an  intriguing  model  of 
schizophrenia  that  may  help  us  understand  at  least  some  of 
the  mechanisms  underlying  this  tragic  disorder. 

Section  Summary 

PCP  and  ketamine  belong  to  the  class  of  drugs  known  as  dis- 
sociative anesthetics.  PCP  was  withdrawn  from  clinical  use 
due  to  its  prominent  adverse  side  effects,  but  ketamine, 
which  is  less  potent  than  PCP,  has  significant  applications  in 
both  human  and  veterinary  medicine.  The  acute  effects  of 
these  compounds  include  sensory  distortions  and  altered 
body  image,  cognitive  disorganization,  and  various  affective 
changes.  High  doses  of  ketamine  give  rise  to  a state  called  the 
“K-hole”  in  which  the  user  feels  separated  from  his  body, 
perhaps  in  the  manner  of  a near-death  experience. 

Both  PCP  and  ketamine  are  reinforcing  to  animals,  as 
indicated  by  drug  self-administration.  These  reinforcing 
effects  may  be  mediated  by  both  dopaminergic  and  non- 
dopaminergic  mechanisms.  Regardless  of  the  role  of  DA  in 
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PCP  or  ketamine  reinforcement,  the  direct  molecular  target 
of  these  compounds  is  the  glutamate  NMDA  receptor.  PCP 
and  ketamine  bind  to  a site  within  the  receptor  channel, 
thereby  acting  as  noncompetitive  NMDA  receptor  antago- 
nists. Blockade  of  glutamate  action  at  these  receptors  is 
thought  to  be  responsible  for  the  subjective  and  behavioral 
effects  of  PCP  and  ketamine.  Dextromethorphan  is  an  opi- 
oid-like compound  found  in  cough  medications  that  also  acts 
as  a noncompetitive  NMDA  receptor  antagonist  and  can  pro- 
duce PCP-  or  ketamine-like  dissociative  effects  at  high  doses. 

Although  illicit  use  of  ketamine  has  occurred  for  many 
years,  the  popularity  of  this  compound  may  be  on  the  rise. 
Heavy  ketamine  users  show  dose  escalation  and  compulsive 
use,  which  indicates  the  development  of  tolerance  and 
dependence  on  the  drug. 

Recent  studies  suggest  that  PCP  and  ketamine  may  help 
us  understand  the  neurochemical  processes  underlying 
schizophrenia.  Acute  PCP  or  ketamine  exposure  mimics 


many  of  the  symptoms  of  schizophrenia.  Moreover,  admin- 
istration of  either  compound  to  schizophrenic  patients  exac- 
erbates their  psychotic  symptoms.  Animal  models  involving 
PCP  or  ketamine  treatment,  particularly  those  based  on  non- 
human primates,  may  also  provide  important  insights  into 
the  neurochemistry  of  severe  psychopathology. 
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ave  you  ever  heard  the  word  “resistoleros”?  If  you  have,  it  was 
probably  in  reference  to  a Bay  Area  punk  rock  band  that  goes  by 
that  name.  But  there  is  another,  more  disturbing,  use  of  the 
word.  In  many  parts  of  Latin  America,  resistoleros  are  street  children  who 
are  habitual  glue  sniffers.  Their  name  comes  from  Resistol,  which  is  a con- 
tact cement  and  shoemaker  s glue  that  is  widely  sold  in  Latin  American 

countries  and  favored  by  many  young  glue 
sniffers.  According  to  the  International  Assem- 
bly of  the  National  Council  for  the  Social 
Studies  (2004),  millions  of  homeless  Latin 
American  children  are  sniffing  glues  such  as 
Resistol.  Glue  sniffing  gives  the  children  a tem- 
porary “high”  that  helps  them  cope  with  their 
precarious  existence,  but  it  can  also  cause 
many  long-term  health  problems  including 
damage  to  the  brain  and  other  vital  organs. 

Glues  belong  to  a broader  class  of  abused  substances 
known  as  inhalants.  Most  inhalants  are  perfectly 
legal,  can  easily  be  purchased  at  retail  stores  by  people 
of  any  age,  and  are  readily  accessible  in  the  home  by 
anyone  who  can  reach  into  a medicine  cabinet  or 
kitchen  drawer,  or  who  can  walk  down  the  stairs  to 
the  basement  or  open  the  door  to  the  garage.  More- 
over, in  recent  years  these  substances  have  been 
responsible  for  the  abrupt  death  of  a number  of  chil- 
dren and  teenagers  in  many  countries,  including  the 
United  States.  Indeed,  the  parents  of  children  who 
have  died  from  abusing  inhalants  invariably  say  that 
they  never  knew  how  dangerous  these  substances 
could  be. 


Inhalants  can  be  taken  by  sniffing  the  fumes  from  a paper  bag. 
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The  first  part  of  this  chapter  discusses  where  inhalants 
come  from,  how  they  affect  behavioral  and  neural  function- 
ing, and  what  health  risks  they  pose.  Later  sections  of  the 
chapter  cover  y-hydroxybutyrate  (GHB)  and  anabolic- 
androgenic  steroids.  Although  inhalants,  GHB,  and  steroids 
differ  in  their  mechanisms  of  action,  they  share  the  fact  that 
they  are  all  newcomers  to  the  drug  abuse  scene  relative  to 
many  other  substances  such  as  alcohol,  cannabis,  tobacco, 
opiates,  and  the  plant-derived  hallucinogens. 

Inhalants 


The  third  category,  gases,  includes  several  gases  found  in 
domestic  or  commercial  products  as  well  as  anesthetic  agents 
used  in  human  and  veterinary  medicine.  Sources  of  gaseous 
inhalants  include  whipped  cream  dispensers  (which  contain 
nitrous  oxide,  also  known  as  “laughing  gas”),  propane  tanks, 
butane  lighters,  and  appliances  that  contain  refrigerants  such 
as  refrigerators,  freezers,  and  air-conditioners.  Table  15.1  lists 
some  abused  inhalants  that  fall  within  these  three  classes. 

A fourth  group  of  inhalants,  called  nitrites,  is  often 
placed  in  a separate  category  apart  from  the  solvents, 
aerosols,  and  gases.  Whereas  most  inhalants  are  taken  in 
order  to  obtain  a euphoric  effect,  or  “high,”  nitrites  are  typi- 


Background 

Inhalants  represent  a novel  group  of  abused 
substances.  These  substances,  which  often 
come  from  everyday  household  items,  have 
the  following  characteristics: 

1 . They  are  either  volatile  (easily  vaporized) 
liquids  or  gases  at  room  temperature. 

2.  They  are  used  by  either  sniffing  fumes 
from  a container  of  the  substance,  inhal- 
ing the  substance  from  a balloon,  inhaling 
fumes  from  a rag  saturated  with  the  sub- 
stance (“huffing”),*  inhaling  fumes  of  the 
substance  inside  of  a plastic  or  paper  bag, 
or  spraying  an  aerosol  of  the  substance 
directly  into  one’s  nose  or  mouth. 

3.  They  do  not  belong  to  another  defined 
class  of  abused  substances  (for  example, 
nicotine,  THC,  or  cocaine,  all  of  which  can 
be  inhaled  through  smoking). 

Most  inhalants  can  be  categorized  as  volatile 
solvents,  aerosols,  or  gases.  Volatile  solvents 
are  chemicals  that  are  liquid  at  room  temper- 
ature but  give  off  fumes  that  can  be  inhaled. 
Solvents  are  found  in  numerous  household 
and  industrial  products,  including  adhesives, 
correction  fluids,  ink  used  in  felt-tip  marking 
pens,  paint  thinners  and  paint  removers,  dry- 
cleaning  fluids,  gasoline,  and  industrial 
degreasing  agents.  Aerosols  are  sprays  that 
contain  various  solvents  and  propellants. 
Examples  are  hair  sprays,  deodorant  sprays, 
spray  paints,  vegetable  oil  sprays  used  in  cook- 
ing, and  sprays  used  for  household  cleaning. 


*Although  the  term  huffing  has  the  specific 
meaning  given  here,  it  is  also  often  used  more 
generally  to  denote  the  breathing  in  of  an 
inhalant. 


TABLE  1 5.1  Some  Commonly  Abused  Inhalants 
Compound  Principal  uses 


Acetone 

Aliphatic  and  aromatic  hydrocarbons 
Bromochlorodifluoromethane  (BCF) 
n-Butane 

Butanone  (methyl  ethyl  ketone,  MEK) 
Carbon  tetrachloride 

Chlorodifluoromethane 
(Halon  122  or  Freon  22) 

Chloroform 

Dichlorodifluoromethane 
(Halon  or  Freon  12) 

Dichlorotetrafluoroethane 
(Halon  242  or  Freon  1 14) 

Diethyl  ether 

Enflurane 

Ethyl  acetate 

Halothane 

n-Hexane 

Isoflurane 

Methyl  isobutyl  ketone  (MIBK) 

Nitrous  oxide 
Propane 

Tetrachloroethylene  (perchloroethylene) 
Toluene 

Trichloroethane  (methylchloroform) 

Trichloroethylene 

Trichlorofluoromethane 
(Halon  or  Freon  11) 

Xylene 


Nail  polish  remover,  adhesives, 
general  solvent 

Gasoline,  white  spirits 

Fire  extinguishers 

Cigarette  lighters,  bottled  fuel  gas 

Adhesives,  general  solvent 

Grain  fumigant,  laboratory  solvent 

Aerosol  propellant 

Laboratory  solvent 
Aerosol  propellant,  refrigerant 

Aerosol  propellant 

Laboratory  solvent 

Anesthetic 

Adhesives 

Anesthetic 

General  solvent 

Anesthetic 

General  solvent 

Anesthetic,  whipped  cream  dispensers 
Bottled  fuel  gas 

Dry-cleaning  and  degreasing  agent 
Adhesives,  acrylic  paints,  paint  stripper 

Dry-cleaning  and  degreasing  agent, 
correction  fluid 

Dry-cleaning  and  degreasing  agent, 
chewing  gum  remover 

Aerosol  propellant,  refrigerant 

Woodwork  adhesives,  histology 
clearing  agent 


Source : After  Dinwiddie,  1994. 
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cally  used  to  heighten  sexual  arousal  and  pleasure.  Further- 
more, unlike  other  inhalants,  which  are  thought  to  act  direct- 
ly on  nerve  cells,  nitrites  produce  their  subjective  effects  pri- 
marily by  dilating  blood  vessels  and  causing  muscle 
relaxation.  Members  of  this  group  include  amyl  nitrite 
(“poppers”),  butyl  nitrite,  and  cyclohexyl  nitrite.  In  the 
remainder  of  this  section,  we  will  focus  on  the  first  three 
classes  of  inhalants. 

Behavioral  and  Neural  Effects 

Many  inhalant  effects  are  similar 
to  alcohol  intoxication 

The  acute  effects  of  volatile  and  gaseous  inhalants  are  often 
compared  to  those  seen  with  alcohol  intoxication.  The  user 
initially  experiences  euphoria,  stimulation,  and  disinhibition, 
which  are  followed  by  drowsiness  and  lightheadedness. 
Heavier  exposure  causes  stronger  depressant  effects,  charac- 
terized by  slurred  speech,  poor  coordination,  ataxia,  and 
lethargy.  Sensory  distortions,  even  hallucinations,  may  occur. 
Very  high  doses  can  lead  to  anesthesia,  loss  of  consciousness, 
and  coma. 

A British  study  by  Evans  and  Raistrick  (1987)  surveyed 
groups  of  young  people  (mean  ages  of  15  or  16)  who  had 
abused  either  toluene-containing  adhesives  (“glue  sniffing”) 
or  butane  gas.  Both  groups  reported  behaving  as  though  they 
were  drunk  while  under  inhalant  intoxication.  Euphoria  was 
experienced  in  nearly  all  cases,  but  other  mood  changes  (for 
example,  feelings  of  depression  or  fearfulness)  also  occurred 
some  of  the  time.  Visual  or  auditory  hallucinations  were 
quite  common.  Less  common  but  more  dangerous  were 
reports  by  some  users  of  delusional  ideas,  including  the  delu- 
sion that  one  could  fly.  Users  who  thought  they  could  fly 
actually  jumped  out  of  windows  or  trees,  leading  to  at  least 
one  broken  bone  and  various  minor  injuries  but  fortunately 
no  fatalities. 

Repeated  use  of  inhalants  can  lead  to  tolerance,  and  thus  a 
need  to  take  higher  doses  in  order  to  obtain  the  expected 
euphoric  effect.  Some  investigators  have  also  proposed  the 
existence  of  an  inhalant  withdrawal  syndrome  with  symptoms 
such  as  nausea,  tremors,  irritability,  and  sleep  disturbances. 
However,  this  remains  controversial  at  the  present  time. 

Rewarding  and  reinforcing  effects  have  been 
demonstrated  in  animals 

Inhalants  appear  to  be  reinforcing,  thereby  linking  them  with 
most  other  substances  of  abuse.  We  know  from  subjective 
reports  that  people  take  inhalants  to  obtain  pleasurable 
effects,  but  it  is  always  valuable  for  researchers  to  have  an  ani- 
mal model  of  reward  or  reinforcement  to  study.  This  has 
long  been  a technically  challenging  problem  for  scientists 


Toluene  (ppm) 

Figure  1 5.1  Rewarding  effects  of  toluene  in  mice  as 
shown  by  conditioned  place  preference  Mice  were  given 
two  training  sessions  per  day  for  5 days.  Each  session  lasted  20 
minutes  and  involved  pairing  one  compartment  of  an  airtight 
chamber  with  toluene  vapor  and  the  other  compartment, 
which  differed  from  the  first  compartment  in  its  sensory  charac- 
teristics, with  air.Toluene  concentrations  ranged  from  350  to 
3200  parts  per  million  (ppm)  as  shown.  On  the  test  day,  no 
toluene  was  administered  and  the  mice  were  allowed  to  move 
freely  between  the  two  compartments.Toluene  concentrations 
of  at  least  700  ppm  resulted  in  a significant  preference  for  the 
toluene-paired  side  as  indicated  by  the  amount  of  time  spent 
on  that  side.  Control  mice  not  given  any  toluene  showed  no  sig- 
nificant preference  for  either  side.  (After  Funada  et  al.,  2002.) 


working  with  inhalants,  but  progress  is  being  made,  as  indi- 
cated by  the  recent  study  of  Funada  et  al.  (2002).  These 
Japanese  researchers  tested  the  rewarding  properties  of 
toluene  by  means  of  a place-conditioning  procedure  using 
an  airtight  inhalation  shuttlebox.  As  is  standard  for  place- 
conditioning studies,  the  two  compartments  of  the  apparatus 
differed  in  the  sensory  cues  they  presented  to  the  animals. 
Mice  were  given  10  conditioning  sessions  over  5 days,  1 ses- 
sion each  day  in  the  toluene-containing  compartment,  and 
an  additional  session  in  the  compartment  that  just  contained 
air.  As  shown  in  Figure  15.1,  exposure  to  700  parts  per  mil- 
lion (ppm)  or  more  of  toluene  led  to  a significant  preference 
for  the  toluene-associated  side  of  the  apparatus. 

Inhalants  reduce  central  nervous  system 
(CNS)  excitability  by  acting  on  specific 
ionotropic  receptors 

Because  of  their  more  recent  arrival  on  the  scene,  less  is 
known  about  the  mechanism  of  action  of  inhalants  than  of 
other  abused  substances.  Furthermore,  all  inhalants  may  not 
work  the  same  way,  due  to  their  chemical  diversity.  Never- 
theless, our  understanding  of  these  substances  is  increasing 
and  several  important  findings  have  been  made. 

With  respect  to  pharmacokinetics,  inhalants  are  rapidly 
absorbed  from  the  lungs  into  the  bloodstream  and  quickly 
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Figure  1 5.2  PET  images  of  brain  uptake 
and  distribution  of  radiolabeled  toluene 
in  a baboon  The  animal  was  injected  intra- 
venously with  [nC]toluene  and  then  imaged 
2 minutes  later. The  arrows  show  toluene 
being  concentrated  in  the  striatum  (A)  and  in 
the  deep  cerebellar  nuclei  (B).  (After  Gerasi- 
mov et  al.,  2002;  images  courtesy  of  Madina 
Gerasimov.) 


enter  the  brain  due  to  their  high  lipid  sol- 
ubility. Madina  Gerasimov  and  her  col- 
leagues at  the  Brookhaven  National  Labo- 
ratory recently  used  positron  emission 
tomography  (PET)  to  investigate  the 
localization  of  [nC] toluene  that  had  been 
administered  to  baboons  (Gerasimov  et 
al.,  2002).  The  radiolabeled  toluene 
reached  all  parts  of  the  brain,  but  its  dis- 
tribution was  not  uniform  (Figure  15.2A  and  B).  Quantitative 
measurements  of  the  striatum,  frontal  cortex,  thalamus,  cere- 
bellum, and  white  matter  showed  particularly  high  uptake  in 
the  striatum,  thalamus,  and  deep  cerebellar  nuclei.  These  find- 
ings indicate  that  localization  of  inhalants  within  the  brain 
needs  to  be  taken  into  account  in  trying  to  understand  how 
these  substances  affect  brain  function  and  behavior. 

The  CNS-depressant  actions  of  inhalants  can  best  be 
explained  by  their  effects  on  various  ionotropic  receptors.  A 
number  of  studies  have  found  that  volatile  solvents  as  well  as 
anesthetics  enhance  the  function  of  inhibitory  GABAa  and 
glycine  receptors  and  inhibit  the  activity  of  excitatory  NMDA 
glutamate  receptors.  A similar  profile  of  ionotropic  receptor 
effects  has  been  demonstrated  for  other  depressant  drugs, 
particularly  ethanol.  Thus,  it  appears  that  inhalants  reduce 
CNS  excitability  and  cause  behavioral  impairment  in  much 
the  same  way  as  does  alcohol. 

Relatively  little  is  known  about  the  neural  mechanisms 
underlying  inhalant  reinforcement.  In  previous  chapters,  we 
saw  that  dopamine  (DA)  plays  a role  in  the  reinforcing  prop- 
erties of  many  abused  drugs.  Riegel  and  French  (2002)  found 
that  inhaled  toluene  activated  dopaminergic  neurons  in  the 
ventral  tegmental  area,  which  suggests  that  DA  may  also  be 
involved  in  inhalant  reinforcement.  It  will  be  important  to 
determine  whether  DA  receptor  antagonists  can  block  the 
rewarding  effects  of  toluene  in  model  systems  such  as  the 
place-conditioning  paradigm. 

Significant  health  risks  are  associated 
with  inhalant  abuse 

It  is  not  uncommon  for  inhalants  to  be  the  first  substances 
tried  by  children,  even  sooner  than  alcohol,  tobacco,  or  mar- 
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ijuana.  Solvents  and  aerosols  in  particular  can  be  obtained 
legally  and  inexpensively  (in  fact,  there  are  almost  certainly 
plenty  of  them  at  home  already  in  the  kitchen,  basement,  or 
garage),  and  it  may  be  difficult  for  parents  and  teachers  to 
detect  the  use  of  inhalants  if  the  child  is  careful.  Government 
surveys  indicate  that  about  6%  of  children  in  this  country 
have  tried  inhalants  at  least  once  by  the  fourth  grade  and  that 
inhalant  use  typically  peaks  during  the  seventh  through  the 
ninth  grades.  Indeed,  inhalants  were  found  to  be  the  most 
popular  substances  for  12-year-olds,  exceeding  marijuana. 
This  is  not  to  say  that  adults  don’t  use  inhalants,  because 
obviously  some  do.  Nevertheless,  this  class  of  substances  is 
unusual  in  its  special  attractiveness  to  children  and  teenagers. 

The  health  risks  of  inhalant  use  are  significant.  Even  a sin- 
gle use  can  lead  to  a fatal  cardiac  arrhythmia,  which  means 
a loss  of  normal  heart  rhythm.  This  reaction  has  been  termed 
sudden  sniffing  death  syndrome.  Although  most  users  obvi- 
ously don’t  suffer  heart  failure,  repeated  inhalant  use  can 
damage  the  liver,  kidneys,  and  lungs.  The  brain  is  particular- 
ly vulnerable  to  inhalant  toxicity.  Several  magnetic  resonance 
imaging  (MRI)  studies  have  shown  white-matter  abnormal- 
ities indicative  of  damage  to  the  myelin  sheaths  surrounding 
nerve  cell  axons  in  many  brain  areas.  One  recent  study  com- 
pared MRI  scans  of  chronic  inhalant  abusers  with  individu- 
als who  abused  various  other  drugs  such  as  cocaine,  mari- 
juana, alcohol,  amphetamines,  or  opiates.  The  results 
indicated  many  more  subcortical  abnormalities  in  the 
inhalant-abusing  group  (Figure  15.3;  Rosenberg  et  al.,  2002). 
Moreover,  the  inhalant  abusers  also  performed  more  poorly 
than  the  other  drug  abusers  on  several  neuropsychological 
tests.  These  results  suggest  that  chronic  inhalant  abuse  can 
have  damaging  effects  on  the  brain  that  are  manifested  in 
cognitive  impairment. 
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Figure  1 5.3  Subcortical  structural  abnormalities  in 
inhalant  abusers  compared  to  abusers  of  other  drugs 

Chronic  abusers  of  either  inhalants  (mainly  toluene-containing 
solvents)  or  other  drugs  were  given  brain  scans  using  MRI.  A 
much  greater  percentage  of  the  inhalant  abusers  than  the  other 
drug  abusers  showed  structural  abnormalities  in  various  sub- 
cortical areas.  (After  Rosenberg  et  al.,  2002.) 


Many  parts  of  the  United  States  have  had  problems  with 
inhalant  abuse,  but  none  more  than  Alaska.  As  many  as  22% 
of  high  school  students  surveyed  in  Alaska  admitted  to  hav- 
ing tried  inhalants,  and  a number  of  deaths  have  occurred. 
Unlike  for  other  substances,  there  is  little  information  on 
treatment  for  inhalant  abuse.  However,  in  2001  the  federal 
government  began  funding  the  nations  first  treatment  center 
for  inhalant  users,  the  Tundra  Swan  Inhalant  Treatment  Cen- 
ter, in  Bethel,  Alaska.  Although  Tundra  Swan  is  only  a small 
facility  at  this  time,  substance  abuse  workers  hope  that  the 
lessons  learned  there  will  help  us  better  understand  the 
nature  of  this  problem  and  how  to  treat  it  effectively. 


Section  Summary 

Inhalants  are  abused  substances  that  are  often  obtained  from 
everyday  household  items.  These  substances  are  volatile  liq- 
uids or  gases  at  room  temperature;  are  used  by  sniffing, 
inhaling,  or  spraying  the  substance;  and  do  not  belong  to 
another  defined  class  of  abused  drugs.  Volatile  solvents  are 
chemicals  that  are  liquid  at  room  temperature  but  release 
fumes  that  can  be  inhaled.  Aerosols  are  sprays  that  contain 
one  or  more  solvents  or  propellants.  There  are  also  gaseous 
inhalants,  which  include  some  gases  used  commercially  as 
well  as  anesthetic  agents  like  nitrous  oxide.  Nitrites  represent 
a fourth  group  of  inhalants  that  differ  from  the  previous 
types  in  that  they  are  taken  specifically  to  enhance  sexual 
arousal. 


Low  doses  of  volatile  and  gaseous  inhalants  produce 
effects  resembling  those  seen  with  alcohol  intoxication.  Users 
exposed  to  greater  amounts  of  these  substances  show 
stronger  depressant  effects,  including  slurred  speech,  poor 
coordination,  ataxia,  and  sleepiness.  Very  high  doses  may 
cause  loss  of  consciousness  and  even  coma.  Repeated 
inhalant  use  leads  to  tolerance,  although  the  existence  of  an 
inhalant  withdrawal  syndrome  has  not  yet  been  conclusively 
established.  Inhalants  are  reinforcing  to  humans  due  to  their 
euphoric  effects,  and  animal  studies  have  also  begun  to 
establish  the  rewarding  and  reinforcing  properties  of  these 
substances  under  controlled  laboratory  conditions. 

Inhalants  are  rapidly  absorbed  from  the  lungs  and  quick- 
ly enter  the  brain  from  the  bloodstream  due  to  their  high 
lipid  solubility.  Distribution  within  the  brain  does  not  appear 
to  be  uniform,  which  may  influence  the  behavioral  effects  of 
these  substances.  The  depressant  effects  of  inhalants  can  be 
attributed  mainly  to  enhancement  of  inhibitory  GABAa  and 
glycine  receptor  activity,  as  well  as  inhibition  of  excitatory 
NMDA  receptors.  Inhalant  reinforcement  may  also  involve 
release  of  DA  due  to  activation  of  dopaminergic  neurons  in 
the  ventral  tegmental  area. 

Because  of  their  legal  status  and  ready  availability  in  the 
home,  inhalants  are  sometimes  the  first  abused  substances 
taken  by  children.  Surveys  show  that  inhalant  use  peaks  dur- 
ing the  seventh  through  the  ninth  grades.  Inhalants  present 
serious  health  risks  involving  damage  to  the  liver,  kidneys, 
lungs,  and  brain.  Solvent  abusers  show  cognitive  impairment 
that  may  be  related  to  white-matter  abnormalities  seen  on 
MRI  scans.  There  is  also  a rare  disorder  called  sudden  sniff- 
ing death  syndrome,  which  is  a fatal  cardiac  arrhythmia 
resulting  from  inhalant  use.  Although  inhalant  use  and  abuse 
is  found  throughout  the  United  States,  the  greatest  problem 
is  found  in  Alaska.  Little  is  known  about  the  most  effective 
treatments  for  inhalant  abusers,  but  useful  information  will 
hopefully  be  gleaned  from  the  treatment  center  that  was 
established  several  years  ago  in  Alaska. 

Gamma-Hydroxybutyrate 

Background 

The  second  part  of  this  chapter  concerns  y-hydroxybutyrate 
(GHB),  a simple  chemical  with  a complicated  history.  As  can 
be  seen  in  Figure  15.4,  GHB  is  closely  related  structurally  to 
the  important  inhibitory  neurotransmitter  GABA.  The  phar- 
macologic properties  of  GHB  were  first  reported  in  1960  by  a 
French  team  headed  by  Henri  Laborit,  the  same  scientist  who 
discovered  the  antipsychotic  drug  chlorpromazine.  Laborit 
was  looking  for  a GABA  analog  that  would  cross  the 
blood-brain  barrier  more  efficiently  than  GABA  and  thus 
might  have  therapeutic  potential  as  a CNS-depressant  com- 
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Figure  1 5.4  Chemical  structures  of  GABA,  GHB,  1 ,4- 
butanediol,and  GBL 


pound.  Indeed,  early  studies  showed  GHB  to  produce  seda- 
tion and  even  anesthesia  in  laboratory  animals  and  humans, 
and  the  compound  is  currently  available  by  prescription  for 
several  clinical  applications  (including  as  an  anesthetic)  in 
Europe. 

In  the  United  States,  little  attention  was  paid  to  GHB  until 
the  1980s,  when  it  began  to  be  marketed  by  health  food 
stores  as  a nutritional  supplement  for  bodybuilders.  Despite 
a lack  of  supporting  evidence,  GHB  was  claimed  by  manu- 
facturers to  reduce  body  fat  and  enhance  muscle  mass  due  to 
its  ability  to  stimulate  growth  hormone  secretion  by  the  pitu- 
itary gland.  As  time  went  on,  the  Food  and  Drug  Adminis- 
tration (FDA)  began  receiving  a number  of  reports  of  GHB- 
related  illness,  and  in  1990  the  FDA  declared  the  drug  to  be 
unsafe  and  banned  over-the-counter  sales. 

Despite  the  FDA  ban,  GHB  use  continued  to  grow  due 
largely  to  an  upsurge  in  recreational  use  under  various  street 
names  such  as  “liquid  X,”  “liquid  E,”  “Georgia  home  boy,” 
“grievous  bodily  harm,”  “cherry  meth ,”  “organic  quaalude,” 
and  “nature’s  quaalude.”  Some  stores,  as  well  as  many  Inter- 
net sites,  sold  GHB-containing  formulations  with  commer- 
cial names  like  Remforce,  Revivarant,  Renewtrient,  Blue 
Nitro,  and  SomatoPro.  In  addition,  restrictions  on  GHB  sales 
were  circumvented  by  the  introduction  of  kits  for  synthesiz- 
ing the  compound  at  home  from  the  chemical  precursors  y- 
butyrolactone  (GBL)  or  1,4-butanediol  (see  Figure  15.4). 
GHB,  along  with  MDMA  (see  Chapter  11)  and  ketamine  (see 
Chapter  14),  is  sometimes  called  a club  drug  because  of  its 
popularity  at  nightclubs  and  dances  or  “raves.”  Due  to  its 
intoxicating  and  heavily  sedating  effects  at  high  doses,  GHB 
also  began  to  be  used  as  a “date  rape”  drug  (Box  15.1). 
Increasing  concerns  over  the  problems  associated  with  illicit 
GHB  use  led  to  its  designation  as  a Schedule  I controlled 
substance  in  2000,  thus  making  possession  of  the  drug  ille- 
gal except  for  medicinal  use  with  a prescription. 

Even  though  GHB  is  not  used  as  an  anesthetic  in  the 
United  States,  it  has  found  a different  and  surprising  clinical 
use  in  this  country.  Specifically,  in  patients  with  the  sleep  dis- 


Pure  GHB  is  a solid  powdery  material;  however,  it  is  usually 
sold  as  a solution  in  water.  GHB-containing  solutions  are 
clear,  odorless,  and  almost  tasteless.  Such  solutions  are  often 
packaged  in  small  bottles  similar  to  those  used  to  package 
shampoo  in  hotel  rooms  (Figure  15.5).  Typical  recreational 
doses  range  from  1 to  3 g (approximately  14  to  42  mg/kg  for 
a 70-kg  adult),  although  some  regular  users  may  take  as 
much  as  4 or  5 g (about  57  to  71  mg/kg)  at  a time. 

When  a GHB-containing  solution  is  drunk,  the  drug  is 
rapidly  absorbed  from  the  gastrointestinal  tract,  enters  the 
bloodstream,  and  crosses  the  blood-brain  barrier  without  dif- 
ficulty. The  ensuing  psychological  and  physiological  effects 
are  strongly  dose  related.  Low  doses  of  GHB  produce  an  alco- 
hol-like experience.  Users  report  mild  euphoria,  relaxation, 
and  social  disinhibition  beginning  approximately  15  minutes 
following  drug  ingestion.  A placebo-controlled,  double-blind 
study  by  Ferrara  and  coworkers  (1999)  found  that  oral  GHB 
administration  led  to  an  increase  in  “calmness”  at  a dose  of 
12.5  mg/kg  but  not  25  mg/kg.  Euphoria  was  not  assessed  in 
this  study.  Higher  doses  of  GHB 
can  cause  lethargy,  ataxia,  slur- 
ring of  speech,  dizziness,  nausea, 
and  vomiting.  Finally,  overdos- 
ing on  this  compound  is  very 
dangerous,  since  respiration  is 
depressed  and  the  user  may 
become  unconscious  or  even 
comatose  (Dyer,  1991).  Alter- 
natively, the  individual  may 
exhibit  signs  of  seizure  activi- 
ty. Overdosing  can  readily 
occur  if  the  user  takes  multiple 
doses  over  a short  period  of 
time,  if  there  is  a greater  than 
expected  concentration  of 
GHB  in  the  bottle,  or  if  the 
drug  is  taken  in  combination 
with  alcohol  or  another  seda- 
tive-hypnotic drug. 


Figure  15.5  A bottle 
containing  GHB 
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Drugs  and  Society 


Date  Rape" Drugs 

Men  have  long  used  alcohol  to  reduce 
women's  sexual  inhibitions,  thereby 
making  them  more  willing  sexual 
partners.  However,  in  recent  years  a 
much  more  insidious  phenomenon 
has  emerged:  the-use  of  drugs  that 
render  a woman  completely  uncon- 
scious, after  which  she  is  raped  by  the 
perpetrator.  Unlike  the  situation  with 
alcohol,  in  which  the  woman  knows 
she  is  drinking,  these  other  sub- 
stances are  put  clandestinely  in  the 
victim's  drink  so  that  she  isn't  even 
aware  that  anything  is  amiss  until  she 
wakes  up  hours  later  in  the  man's  bed. 
Drugs  are  sometimes  used  in  this  way 
on  a date,  hence  the  term  "date  rape" 
drugs.  However,  there  have  also  been 
instances  in  which  a woman  was 
raped  by  a total  stranger  after  being 
given  one  of  these  substances. 

Two  compounds  that  are  reported- 
ly being  used  in  this  manner  are  GHB 
and  a benzodiazepine  called  fluni- 
trazepam  (trade  name  Rohypnol). 
Rohypnol  is  a powerful  sleep-inducing 
agent  that  is  used  medicinally  in 
Europe  and  Mexico  but  is  not  currently 
approved  for  sale  in  the  United  States. 
Nevertheless,  it  is  readily  available  illic- 
itly under  street  names 
like"roofies,""rophies,"or 
"roche"(the  drug  is  man- 
ufactured by  the  Hoff- 
mann-La  Roche  pharma- 
ceutical company). 

Besides  inducing  sleep, 

Rohypnol  may  also  cause 
anterograde  amnesia, 
which  means  a lack  of 
memory  for  events  that 
occur  while  the  recipient 
is  under  the  influence  of 
the  drug. This  can  make  it 
more  difficult  for  prose- 
cutors to  prove  a rape 
charge  when  Rohypnol  is 
involved. 

At  the  present  time, 
government  agencies  do  The  drink 


not  have  adequate  data  on  the  inci- 
dence of  drug-facilitated  sexual 
assaults  or  rapes.  It  appears,  however, 
that  such  assaults  have  been  on  the 
rise  in  recent  years.  In  response,  Con- 
gress passed  the  Drug-Induced  Rape 
Prevention  and  Punishment  Act  in 
1996,  which  instituted  tough  penal- 
ties for  the  possession  or  sale  of  fluni- 
trazepam.  Similar  legislation  relating 
to  GHB  was  put  into  place  in  2000. 
There  have  also  been  attempts  by  the 
private  sector  to  increase  the 
detectability  of  potential  date  rape 
drugs  by  women.  For  example,  Hoff- 
mann-La  Roche  has  replaced  its  old 
Rohypnol  formulation,  which  was  col- 
orless when  dissolved  in  an  alcoholic 
beverage,  with  a new  tablet  that  turns 
blue  when  dissolved.  Unfortunately, 
some  of  the  older  tablets  are  still 
available  on  the  street.  Moreover,  per- 
petrators may  attempt  to  disguise  the 
telltale  blue  tint  emanating  from  the 
newer  tablet  by  ordering  a similarly 
colored  tropical  drink  for  their  date. 

Another  commercial  approach  to 
preventing  drug-facilitated  rape  is 
the  marketing  of  coasters  designed 
to  test  one's  drink  for  possible  date- 
rape  drugs.The  first  such  device  is 
called  the  Drink  Safe  Coaster,  which  is 
made  by  Drink  Safe  Technologies.The 


Drink  Safe  Coaster  is  designed  to 
detect  both  GHB  and  ketamine, 
which  has  also  been  used  as  a date- 
rape  drug. The  coaster  does  not  test 
for  flunitrazepam  (Rohypnol), 
although  Drink  Safe  Technologies  has 
stated  that  they  omitted  this  test 
because  the  current  incidence  of  flu- 
nitrazepam-related  date  rapes  is  low 
compared  to  the  incidence  of  date 
rapes  in  which  the  victim  is  drugged 
with  GHB  or  ketamine.  As  shown  in 
the  figure,  each  Drink  Safe  Coaster 
contains  two  pairs  of  test  circles 
located  at  the  bottom  corners  of  the 
card.  If  the  coaster  is  being  distrib- 
uted by  a bar  or  club,  it  may  also 
include  some  type  of  advertisement 
or  logo  that  has  been  selected  by  the 
proprietor  of  the  establishment.The 
woman  is  instructed  to  place  a drop 
or  two  of  her  drink  on  one  of  the 
pairs  of  test  circles  and  wait  for  about 
one  minute.  A positive  test  is  indicat- 
ed by  either  circle  turning  a darker 
blue  color,  which  is  interpreted  as  a 
drug-contaminated  drink.  It  is  impor- 
tant to  note  that  the  use  of  the  Drink 
Safe  Coaster  is  not  recommended  for 
highly  acidic  beverages  such  as 
drinks  containing  large  amounts  of 
fruit  juice.There  are  other  limitations 
as  well. The  color  change  could  be 
masked  by  the  drink 
itself,  (for  example,  red 
wine),  or  the  bar  or 
club  could  be  so  dark 
that  confirming  a 
modest  color  change 
would  be  difficult. 
Therefore,  even 
though  test  coasters 
may  help  prevent 
some  date  rapes, 
women  should 
remain  alert  for 
potential  adulteration 
of  their  drinks  even 
when  such  coasters 
are  available  and 
seem  to  indicate  that 
everything  is  normal. 


-testing  coaster  from  Drink  Safe. 
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In  laboratory  animals,  acute  GHB  administration  causes 
sedation,  reduced  locomotor  activity,  and  decreased  anxiety 
in  certain  tests  such  as  the  elevated  plus-maze.  At  higher 
doses,  animals  show  signs  of  catalepsy.  Some  of  these  behav- 
ioral effects,  particularly  hypolocomotion  and  catalepsy,  are 
thought  to  be  due  to  GHB-induced  inhibition  of  DA  release. 
Electroencephalogram  (EEG)  recordings  have  also  revealed 
the  presence  of  a paradoxical  CNS  excitation  at  high  doses  of 
GHB  that  some  investigators  have  likened  to  absence  (petit 
mal)  seizures  in  humans  and  that  may  be  related  to  the  occa- 
sional reports  of  seizure  activity  in  human  overdose  cases. 
Absence  seizures  involve  a temporary  loss  of  consciousness 
and  cessation  of  activity  without  the  whole-body  convulsions 
seen  in  a grand  mal  seizure. 


Evidence  for  GHB  reinforcement  in 
animal  studies  has  been  inconsistent 

As  mentioned  in  the  previous  section,  users  report  experi- 
encing a euphoric  effect  when  taking  GHB.  On  the  other 
hand,  animal  studies  have  yielded  mixed  results  with  respect 
to  GHB  as  a reinforcer.  Experiments  with  rats  and  mice  using 
either  self-administration  or  place-conditioning  paradigms 
have  generally  supported  the  idea  that  GHB  has  rewarding 
and  reinforcing  properties  (Martellotta  et  al.,  1997,  1998; 
Itzhak  and  Ali,  2002).  In  contrast,  two  research  groups  that 
investigated  intravenous  self-administration  of  GHB  in  mon- 
keys found  much  weaker  evidence  for  GHB  reinforcement 
(Beardsley  et  al.,  1996;  Woolverton  et  al.,  1999).  Interesting- 
ly, the  researchers  noted  that  in  some  cases  the  monkeys  did 
take  in  enough  GHB  to  produce  noticeable  sedation.  Perhaps 
this  sedative  effect  was  either  dysphoric  to  the  animals  or 
interfered  with  their  lever-pressing  behavior.  Even  in  those 
instances  where  overt  sedation  was  not  observed,  the  subjects 
might  have  limited  their  GHB  intake  so  as  to  avoid  becoming 
drowsy  and  lethargic.  Until  additional  experiments  are  per- 
formed, it  will  be  difficult  to  reconcile  the  conflicting  results 
obtained  from  the  rodent  and  primate  studies. 


There  are  two  major  hypotheses  concerning 
the  mechanism  of  action  of  GHB 

Currently,  there  are  two  competing  hypotheses  about  the 
mechanism  of  action  of  GHB,  each  with  some  supporting 
evidence.  The  first  hypothesis  is  that  GHB’s  effects  are  medi- 
ated by  activation  of  pre-  and/or  postsynaptic  GABAb  recep- 
tors. This  hypothesis  is  based,  in  part,  on  research  showing 
that  some  of  the  behavioral  and  physiological  effects  of  GHB 
in  animals  can  be  inhibited  by  GABAb  receptor  antagonists 
(Madden  and  Johnson,  1998;  Carai  et  al.,  2001;  Carter  et  al., 
2003).  For  example,  Carter  and  coworkers  (2003)  recently 
studied  the  ability  of  the  antagonist  CGP  35348  to  alter  the 
discriminative  stimulus  effects  of  GHB.  Rats  were  trained  to 


press  one  lever  in  a Skinner  box  when  they  received  GHB 
(200  mg/kg)  and  to  press  the  other  lever  when  they  received 
saline  vehicle.  Once  the  task  had  been  acquired,  the  animals 
were  tested  for  their  lever-pressing  behavior  in  the  presence 
of  the  GHB  plus  CGP  35348.  As  shown  in  Figure  15.6A  and 
B,  the  GABAb  receptor  antagonist  dose-dependently  reduced 
the  percentage  responding  on  the  GHB  lever  without  altering 
the  overall  lever-pressing  rate.  A similar  inhibition  of  drug- 
selective  responding  was  observed  in  rats  that  had  been 
trained  to  discriminate  the  GABAb  agonist  baclofen  from 
saline.  These  results  support  the  contention  that  the  dis- 
criminative stimulus  effects  of  GHB  are  mediated  by  activa- 
tion of  GABAb  receptors. 

Some  investigators  have  proposed  that  GHB  functions  as 
a direct  GABAb  receptor  agonist  (Mathivet  et  al.,  1997;  Mad- 
den and  Johnson,  1998),  although  it  has  a relatively  low  affin- 
ity for  the  receptor,  which  might  explain  why  users  must  take 
rather  high  doses  of  GHB  (compared  to  most  other  psy- 
choactive compounds)  to  obtain  the  desired  behavioral 
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Figure  1 5.6  Dose-dependent  blockade  of  the  discrimi- 
native stimulus  properties  of  GHB  by  the  GABAb  antago- 
nist CGP  35348.  Rats  were  trained  to  discriminate  200  mg/kg 
GHB  (given  intraperitoneally)  from  saline.  In  the  absence  of  CGP 
35348  (0  dose),  the  animals  showed  an  average  of  >80% 
responding  on  the  drug-appropriate  lever.  Pretreatment  with 
CGP  35348  (1 0, 32,  or  56  mg/kg)  produced  a dose-dependent 
reduction  in  drug-lever  responding  (A),  while  having  no  signifi- 
cant effect  on  lever-pressing  rate  (B).  (After  Carter  et  al.,  2003.) 
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effects.  An  alternative  explanation  is  that  GHB  is  metabolized 
in  the  brain  to  GABA,  which  then  stimulates  GABAb  recep- 
tors (Hechler  et  al.,  1997).  One  problem  with  this  notion  is 
that  the  GABA  formed  from  GHB  should  presumably  act  on 
both  the  GABAa  and  GABAb  receptor  subtypes,  yet  there  is 
little  evidence  that  GHB  stimulates  GABAa  receptors. 

The  second  hypothesis  is  that  GHB  s effects  are  mediated 
by  a specific  GHB  receptor.  Indeed,  there  are  GHB  binding 
sites  in  the  brain  that  appear  to  be  selective  for  this  substance 
(Benavides  et  al.,  1982).  The  structure  of  the  proposed  GHB 
receptor  is  not  known,  because  the  receptor  gene  has  not  yet 
been  cloned.  However,  pharmacological  studies  suggest  that 
the  receptor  belongs  to  the  superfamily  of  G protein-coupled 
(metabotropic)  receptors  (Snead,  2000).  Moreover,  GHB 
binding  sites  are  nonuniformly  distributed  in  the  brain, 
which  is  consistent  with  the  idea  that  they  represent  a physi- 
ologically relevant  receptor.  In  rats,  monkeys,  and  humans, 
the  highest  levels  of  binding  are  generally  found  in  the  hip- 
pocampus and  cerebral  cortex,  whereas  little  or  no  binding 
is  observed  in  the  cerebellum  and  brain  stem  (Hechler  et  al., 
1987;  Castelli  et  al.,  2000).  Finally,  an  analog  of  GHB  called 
NCS-382  binds  to  the  GHB  receptor  and  is  proposed  to  be  a 
selective  antagonist  at  this  receptor  (Maitre  et  al.,  1990; 
Mehta  et  al.,  2001). 

Central  GHB  receptors  are  thought  to  be  activated  not 
only  by  exogenous  GHB  but  also  by  GHB  synthesized  within 
the  brain  from  GABA.  GHB  fulfills  many  of  the  characteris- 
tics expected  of  a neurotransmitter  or  neuromodulator  sub- 
stance: it  is  synthesized  within  the  brain,  it  is  released  in  a 
Ca2+-dependent  manner,  it  possesses  distinct  uptake  systems 
to  transport  it  into  synaptic  vesicles  and  to  clear  it  from  the 
synaptic  cleft  following  release,  and  it  has  its  own  specific 
receptor  system  (Nicholson  and  Balster,  2001).  However, 
there  are  two  important  reasons  to  question  the  relevance  of 
endogenous  GHB  and  GHB  receptors  for  understanding  the 
behavioral  and  physiological  effects  of  exogenously  admin- 
istered GHB.  First,  naturally  occurring  levels  of  GHB  in  the 
brain  are  much  lower  than  the  levels  produced  when  animals 
are  given  GHB  at  behaviorally  effective  doses.  This  raises  the 
possibility  that  exogenous  GHB  could  act  via  mechanisms 
different  than  the  mechanisms  underlying  the  actions  of 
endogenous  GHB.  Second,  although  some  effects  of  admin- 
istered GHB  are  blocked  by  the  GHB  receptor  antagonist 
NCS-382  (Maitre  et  al.,  1990),  many  are  not  (Carai  et  al., 
2001;  Cook  et  al.,  2002;  Carter  et  al.,  2003).  Unfortunately, 
interpretation  of  these  results  is  clouded  by  several  findings 
of  GHB-like  effects  at  higher  doses  of  NCS-382  (Carai  et  al., 
2001;  Carter  et  al.,  2003),  which  may  mean  that  this  com- 
pound is  a mixed  agonist-antagonist  rather  than  a pure 
antagonist  at  the  GHB  receptor.  In  conclusion,  to  better 
understand  the  role  of  GHB  receptors  in  mediating  the 
effects  of  this  substance,  we  need  new  drugs  that  block  these 
receptors  without  exerting  any  agonistic  effects. 


GHB  use  and  abuse  has  been  growing 

Government  statistics  indicate  that  the  use  and  abuse  of  GHB 
has  increased  significantly  since  the  mid-1990s.  This  can  be 
seen  in  the  data  collected  by  the  Drug  Abuse  Warning  Net- 
work (DAWN),  a national  surveillance  system  run  by  the  U.S. 
Substance  Abuse  and  Mental  Health  Service  Administration. 
DAWN  obtains  information  on  drug-related  visits  to  partici- 
pating hospital  emergency  departments  throughout  the  U.S. 
as  well  as  drug- related  fatalities  reported  by  medical  examin- 
ers and  coroners.  Figure  15.7  shows  that  the  number  of  year- 
ly emergency  department  visits  in  which  GHB  was  men- 
tioned as  a possible  contributory  factor  rose  greatly  between 
1994  (56  emergency  department  mentions)  and  2000  (4969 
mentions),  and  then  dropped  somewhat  in  2001.  Despite  this 
trend,  it  is  important  to  recognize  that  GHB  is  still  associated 
with  far  fewer  adverse  drug  reactions  than  more  widely  used 
substances  like  alcohol  (218,005  emergency  department  men- 
tions in  2001),  cocaine  (193,034  mentions),  heroin  (93,064 
mentions),  and  marijuana  (110,511  mentions). 

The  increase  in  adverse  reactions  to  GHB  can  also  be  seen 
in  published  case  reports  of  overdose  victims.  One  group  of 
researchers  summarized  88  cases  of  GHB  overdose  that  were 
seen  in  the  emergency  department  of  San  Francisco  General 
Hospital  between  July  1993  and  December  1996  (Chin  et  al., 
1998).  The  patients  had  a mean  age  of  28  years,  and  about 
two-thirds  of  them  were  male.  Well  over  half  of  the  cases 
involved  coingestion  of  one  or  more  other  substances,  usual- 
ly alcohol,  amphetamine,  or  MDMA.  About  80%  of  the 
patients  suffered  from  a decrease  in  conscious  awareness, 
including  a substantial  number  who  were  comatose  upon 
admission  to  the  emergency  department.  Other  symptoms 
displayed  by  significant  numbers  of  patients  were  emesis 
(vomiting),  hypothermia  (reduced  body  temperature), 
bradycardia  (slowed  heart  rate),  hypotension  (lowered  blood 
pressure),  and  acidosis  (low  blood  pH).  All  patients  in  this 
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Figure  1 5.7  Emergency  department  mentions  of  GHB 
from  1 994-2001 . The  number  of  emergency  department 
mentions  of  GHB  grew  rapidly  from  1 994  to  2000. 
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Figure  1 5.8  Tolerance  to  the  locomotor-suppressant  effects 
of  GHB  in  mice  Mice  were  given  200  mg/kg  GHB  intraperitoneally  for 
1 4 days.  Locomotor  activity  in  a photobeam  apparatus  was  measured 
for  2 hours  following  drug  administration  on  days  1,6,  and  14  of  treat- 
ment.The  figure  illustrates  the  number  of  beam  breaks  recorded  from 
30  to  60  minutes  post-treatment  on  each  of  these  days.  Compared  to 
control  mice  administered  saline,  the  GHB-treated  animals  showed  a 
nearly  complete  cessation  of  locomotor  activity  on  day  1 , whereas  a 
partial  return  of  activity  was  observed  on  subsequent  test  days.  (After 
Itzhak  and  Ali,  2002.) 


case  series  regained  consciousness  over  a period  of  several 
hours  after  admission,  and  all  were  discharged  within  24 
hours  or  less  except  for  one  individual  who  was  admitted  to 
the  psychiatric  ward  due  to  suicidal  ideation.  Thus  GHB 
overdose  can  lead  to  unconsciousness  or  coma  as  well  as 
other  potentially  dangerous  symptoms.  Prompt  treatment, 
however,  usually  results  in  an  uneventful  recovery. 

Relatively  few  data  are  available  on  whether  tolerance 
occurs  following  chronic  GHB  exposure.  A recent  study 
involving  daily  treatment  of  mice  with  200  mg/kg  GHB 
found  tolerance  to  the  activity-suppressing  effects  of  the 
drug  (Itzhak  and  Ali,  2002;  Figure  15.8).  GHB  tolerance  in 
humans  has  not  been  systematically  investigated,  but  some 
users  report  an  escalation  in  their  dosing  regimen  that  is  sug- 
gestive of  tolerance  (Galloway  et  al.,  1997).  In  extreme  cases, 
users  reach  a pattern  of  constant  dosing  in  which  GHB  is 
taken  every  2 to  4 hours  around  the  clock. 

Information  about  GHB  dependence  is  based  mainly  on 
self-report  and  case  studies.  Although  such  sources  are  not 
always  reliable,  in  this  case  they  strongly  suggest  that  depend- 
ence and  withdrawal  can  develop  with  repeated  GHB  use. 
The  most  common  withdrawal  symptoms  seem  to  be  insom- 
nia, anxiety,  and  tremors  (Friedman  et  al.,  1996;  Galloway  et 
al.,  1997;  Craig  et  al.,  2000).  However,  users  of  extremely  high 
doses  may  experience  more-severe  symptoms  including  hal- 
lucinations, delirium,  extreme  agitation,  and  psychosis  (Dyer 
et  al.,  2001;  McDaniel  and  Miotto,  2001). 

Section  Summary 

GHB  is  an  analog  of  the  inhibitory  neurotransmitter  GABA. 
The  drug  is  used  clinically  as  a sedative  and  anesthetic  in 
Europe,  and  it  was  marketed  in  the  United  States  as  a body- 
building supplement  until  over-the-counter  sales  were 
banned  in  1990.  However,  GHB  is  available  in  prescription 
form  for  treating  patients  who  suffer  from  cataplexy.  Illicit  use 
of  GHB  often  occurs  at  nightclubs  and  dances,  and  unfortu- 
nately it  has  been  used  occasionally  as  a “date  rape”  drug. 

GHB  is  usually  taken  orally  in  the  form  of  an  aqueous 
solution.  Low  doses  produce  alcohol-like  effects  including 
mild  euphoria,  relaxation,  and  social  disinhibition.  Higher 


doses  are  associated  with  stronger  sedating  effects  as  well  as 
dizziness,  nausea,  and  vomiting.  Severe  overdosing  with 
GHB  causes  severe  respiratory  depression,  unconsciousness, 
and  even  coma. 

Animals  treated  with  GHB  exhibit  sedation,  reduced  loco- 
motor activity,  decreased  anxiety  behavior,  and  catalepsy  at 
high  doses.  Some  of  these  effects  may  be  related  to  a drug- 
induced  reduction  in  DA  release.  High  doses  of  GHB  can 
also  lead  to  EEG  excitation  resembling  absence  (petit  mal) 
seizures  in  humans.  Rodent  studies  suggest  that  GHB  has 
reinforcing  properties;  however,  relatively  little  self-adminis- 
tration of  GHB  was  observed  when  monkeys  were  given 
access  to  this  compound. 

There  are  two  competing  hypotheses  concerning  the  mech- 
anism of  action  of  GHB.  One  hypothesis  is  that  its  effects  are 
mediated  by  activation  of  pre-  and/or  postsynaptic  GABAb 
receptors.  Such  activation  might  occur  through  the  direct 
stimulation  of  these  receptors  by  GHB.  Alternatively,  GHB 
could  be  metabolized  to  GABA  within  the  brain,  after  which 
the  excess  GABA  is  released  and  stimulates  GABAb  receptors. 
The  second  hypothesis  is  that  the  effects  of  GHB  are  mediated 
by  a specific  receptor  for  this  substance.  Although  no  one  has 
yet  cloned  a GHB  receptor  gene,  there  are  binding  sites  for 
GHB  that  are  present  at  relatively  high  levels  in  the  hip- 
pocampus and  cerebral  cortex.  Moreover,  there  is  evidence 
that  GHB  may  itself  be  a neurotransmitter  or  neuromodulator 
within  the  brain:  it  is  synthesized  enzymatically  from  GABA,  it 
is  released  in  a Ca2+-dependent  manner,  it  possess  vesicular 
and  plasma  membrane  uptake  systems,  and  it  appears  to  have 
its  own  receptor.  Nevertheless,  the  relationship  between  the 
endogenous  GHB  system  and  the  behavioral  effects  of  exoge- 
nously administered  GHB  is  not  yet  clear. 

Use  and  abuse  of  GHB  has  increased  significantly  since 
the  mid-1990s.  This  is  reflected  in  the  incidence  of  adverse 
reactions  to  GHB  overdose,  including  many  that  require  vis- 
its to  hospital  emergency  departments.  There  is  some  evi- 
dence for  tolerance,  dependence,  and  withdrawal  with 
repeated  GHB  use,  although  more  research  needs  to  be  done 
in  this  area.  Typical  withdrawal  symptoms  include  insomnia, 
anxiety,  and  tremors,  although  use  of  extremely  high  doses 
can  apparently  cause  a psychotic  reaction  involving  halluci- 
nations, delirium,  and  extreme  agitation. 
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Anabolic-Androgenic  Steroids 

Every  few  years,  it  seems,  newspaper  headlines  blurt  out  the 
sad  fact  that  yet  another  one  of  our  sports  heroes  has  been 
found  guilty  of  taking  some  kind  of  banned  performance- 
enhancing substance.  Although  there  are  many  such  sub- 
stances available  now,  especially  to  a world-class  athlete,  one 
important  category  of  performance  enhancers  is  the  anabol- 
ic-androgenic steroids.  These  are  defined  as  steroid  hor- 
mones that  increase  muscle  mass  (the  anabolic  part)  and  also 
have  masculinizing,  or  testosterone-like,  properties  (the 
androgenic  part).  On  the  street,  these  substances  are  usually 
just  called  anabolic  steroids,  but  there  are  no  members  of  the 
group  that  aren’t  also  androgenic.  Nevertheless,  it  is  more  con- 
venient to  use  the  shorthand  term  anabolic  steroids , and  that 
is  the  term  that  we  will  use  in  the  remainder  of  this  chapter. 

Why  are  anabolic  steroids  being  brought  up  in  a chapter 
on  substances  of  abuse?  There  is  significant  evidence  that 
these  hormones  are  abused  by  some  users,  and  some 
researchers  have  theorized  that  anabolic  steroids  can  produce 
an  addiction-like  dependence.  Before  we  discuss  these  ideas, 


however,  we  will  present  basic  information  on  these  sub- 
stances and  how  they  entered  the  realm  of  bodybuilding  and 
athletic  competition. 

Background  and  History 

Anabolic  steroids  are  structurally 
related  to  testosterone 

The  chemical  and  trade  names  of  some  common  anabolic 
steroids  are  presented  in  Table  15.2.  Some  of  these  com- 
pounds are  taken  orally,  while  others  are  injected  intramus- 
cularly. The  latter  are  formulated  for  depot  injection  and 
maintain  their  potency  for  periods  ranging  from  several  days 
to  3 weeks,  depending  on  the  steroid.  As  shown  in  Figure 
15.9,  these  compounds  are  all  structurally  related  to  testos- 
terone, the  principal  androgen  synthesized  by  the  testes. 
However,  because  it  is  the  anabolic  rather  than  androgenic 
effects  that  are  desired  by  most  users,  the  chemical  modifi- 
cations that  differentiate  various  synthetic  steroids  from 
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Figure  15.9  Chemical  structures  of 
some  commonly  abused  anabolic 
steroids 
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TABLE  1 5.2  Some  Common  Anabolic  Steroids 


Generic  name 

Trade  name 

Route  of 
administration 

Methandrostenolone 

Dianabol 

Oral 

Testosterone  undecanoate 

Andriol 

Oral 

Oxandrolone 

Oxandrin 

Oral 

Oxymetholone 

Anadrol 

Oral 

Stanozolol 

Winstrol 

Oral  or  injection 

Testosterone  cypionate 

Depot-Testosterone 

Injection 

Testosterone  enanthate 

Primotetson 

Injection 

Nandrolone  phenylpropionate 

Durabolin 

Injection 

Nandrolone  decanoate 

Deca-Durabolin 

Injection 

Methenolone  enanthate 

Primobolan  Depot 

Injection 

testosterone  are  aimed  at  selectively  enhancing  their  anabol- 
ic potency.  Because  the  oral  steroids  are  potentially  vulnera- 
ble to  first- pass  metabolism  in  the  liver,  these  compounds  are 
chemically  designed  to  minimize  this  problem  and  thus 
retain  adequate  bioavailability. 

Anabolic  steroids  were  developed  to  help  build 
muscle  mass  and  enhance  athletic  performance 

American  athletes  knew  little  about  these  compounds  before 
the  1954  World  Weightlifting  Championships  held  in  Vienna, 
Austria.  Until  1953,  American  weightlifters  had  routinely  beat- 
en the  Soviet  team,  but  the  Soviets  outscored  the  Americans 
in  that  year  and  again  in  1954.  During  the  Vienna  competi- 
tion, the  U.S.  and  Soviet  Union  team  physicians  reportedly 
went  out  in  the  evening  for  entertainment,  and  after  a few 
drinks,  the  physician  for  the  Soviet  Union  squad  confided  that 
some  of  his  men  were  using  testosterone.  Dr.  John  Ziegler,  who 
was  the  American  physician,  went  back  home  and  began  to 
experiment  with  testosterone,  but  he  didn’t  like  the  strong 
androgenic  side  effects.  Ziegler  expressed  the  need  for  a more 
anabolic,  less  androgenic  compound  to  the  giant  pharmaceu- 
tical company  Ciba.  Within  a few  years,  Ciba  introduced  Dian- 
abol,  an  orally  active  compound  with  enhanced  anabolic 
properties.  When  Dianabol  was  administered  to  elite 
weightlifters  at  the  famous  York  Barbell  Club  in  Pennsylvania, 
the  drug  produced  spectacular  results.  Once  the  news  got  out, 
many  similar  compounds  quickly  followed  and  strength  ath- 
letes began  to  view  steroids  as  the  only  way  to  reach  the  highest 
level  of  achievement.  According  to  a 1969  article  in  the  maga- 
zine Track  and  Field  News  entitled  “Steroids:  Breakfast  of 
Champions,”  these  substances  were  readily  available  to  athletes 
either  from  physicians  who  were  willing  to  write  the  necessary 
prescription  or  even  from  some  pharmacists  who  dispensed 
steroids  without  requiring  a prescription  (Hendershott,  1969). 


However,  as  we  will  see  later,  there  is  a dark  side 
to  anabolic  steroids  in  terms  of  their  potential 
for  serious  side  effects  and  possible  dependence. 
Ziegler  later  recognized  the  monster  that  he 
had  helped  create,  and  by  the  time  of  his  death 
in  1984  he  profoundly  regretted  that  part  of 
his  life. 

Besides  the  Soviet  Union,  the  German 
Democratic  Republic  (GDR,  or  East  Germany) 
began  secretly  giving  anabolic  steroids  to  its 
elite  athletes  in  the  1960s  (Franke  and  Bere- 
donk,  1997).  The  most  commonly  used  com- 
pound in  the  GDR  was  chlordehydromethyl- 
testosterone,  known  as  Oral-Turinabol.  The 
East  Germans  had  especially  great  success  with 
their  female  athletes,  who  won  many  Olympic 
and  world  championships  with  the  aid  of  ana- 
bolic steroids.  Figure  15.10  illustrates  the 
increased  performance  of  a female  shot-putter  over  an  11- 
week  period  of  Oral-Turinabol  treatment.  Unfortunately,  as 
we  will  see  later,  these  competitors  paid  a high  price  for  their 
achievements  due  to  the  powerful  side  effects  of  anabolic 
steroids  in  women. 

By  the  mid-1980s,  there  were  increasing  reports  of  ram- 
pant anabolic  steroid  use  not  only  in  professional  sports  but 
also  reaching  down  into  colleges  and  even  high  schools.  In 
response,  the  U.S.  Congress  held  a series  of  hearings  between 
1988  and  1990  that  culminated  in  the  Anabolic  Control  Act 
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Figure  1 5.1 0 Performance  enhancement  of  a former 
East  German  female  shot-putter  as  a result  of  anabolic 
steroid  treatment.  Shot-put  distance  increased  markedly  over 
the  1 1 -week  period  during  which  the  athlete  was  being  given 
anabolic  steroids.  (After  Franke  and  Beredonk,  1 997.) 
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of  1991.  This  legislation  classified  27  specific  anabolic  steroid 
preparations  as  Schedule  III  controlled  substances,  thus  mak- 
ing their  use  illegal  without  a medical  prescription.  In  addi- 
tion, these  substances  are  banned  by  many  amateur  and  pro- 
fessional sports  organizations,  including  the  National 
Collegiate  Athletic  Association,  the  International  Olympic 
Committee,  the  National  Football  League,  the  National  Bas- 
ketball Association,  and  most  recently  Major  League  Baseball. 

Although  users  had  long  touted  the  beneficial  effects  of 
anabolic  steroids  on  muscle  mass  and  strength,  many 
researchers  remained  unconvinced  by  these  anecdotal 
reports  because  properly  controlled  scientific  studies  were 
lacking  and  arguments  could  be  made  that  placebo  effects, 
increased  training  motivation,  or  other  confounding  factors 
might  be  responsible  for  the  enhanced  performance  of  ana- 
bolic steroid  users.  However,  a series  of  recent  studies  by 
Shalender  Bhasin  and  his  colleagues  at  the  Charles  R.  Drew 
University  of  Medicine  and  Science  have  shown  that  giving 


high  doses  of  testosterone  to  healthy  young  men  leads  to 
muscle  fiber  hypertrophy  (increased  size),  increased  muscle 
mass,  and  enhanced  strength  (Bhasin  et  al.,  1996,  2001; 
Sinha-Hikim  et  al.,  2002).  Some  of  the  results  from  one  of 
these  studies  are  presented  in  Figure  15.11  (Bhasin  et  al., 
2001).  The  subjects  were  given  weekly  injections  of  testos- 
terone enanthate  at  different  doses  for  a period  of  20  weeks. 
They  also  received  another  drug  at  the  same  time  to  suppress 
endogenous  testosterone  secretion  so  that  their  testosterone 
levels  would  depend  solely  on  the  exogenous  treatment.  The 
lowest  doses  (25  and  50  mg  per  week)  produced  subnormal 
circulating  testosterone  concentrations,  the  125  mg-dose 
produced  concentrations  in  the  normal  range,  and  the  600- 
mg  dose  produced  testosterone  levels  that  were  at  least  4 
times  the  average  pretreatment  concentration.  As  shown  in 
Figure  15.1 1A-C,  anabolic  steroid  administration  caused 
dose-dependent  increases  in  muscle  volume  and  strength.  In 
contrast,  sexual  function  was  unchanged  (Figure  15.1  ID), 
indicating  that  this  aspect  of  androgen  action  is  not  influ- 
enced by  testosterone  level  within  the  dose  range  used  and 


Figure  1 5.1 1 Increased  muscle 
strength  and  volume  following 
chronic  testosterone  administra- 
tion to  men  The  subjects  were 
healthy  men,  1 8 to  35  years  of  age,  who 
had  prior  weightlifting  experience  but 
who  had  not  previously  taken  anabolic 
steroids.  All  subjects  were  given 
monthly  treatments  with  a long-acting 
drug  to  suppress  their  endogenous 
testosterone  synthesis.  Matched 
groups  were  also  administered  weekly 
intramuscular  injections  of  testos- 
terone enanthate  for  20  weeks  at  doses 
ranging  from  25  to  600  mg  per  injec- 
tion. A comparison  of  circulating 
testosterone  levels  at  the  beginning  of 
the  study  (baseline)  with  levels  present 
at  the  1 6-week  time  point  showed  that 
the  25-  and  50-mg  doses  produced 
testosterone  concentrations  signifi- 
cantly below  baseline,  the  125-mg 
dose  produced  concentrations  similar 
to  baseline,  and  the  300-  and  600-mg 
doses  produced  testosterone  levels 
that  were  approximately  2 to  4 times 
baseline,  respectively  (data  not  shown). 
Leg  press  strength  (A),  thigh  muscle 
volume  (B),  quadriceps  muscle  volume 
(C),and  sexual  function  as  determined 
by  sexual  activity  and  desire  (D)  were 
assessed  at  baseline  and  at  the  end  of 
the  20-week  dosing  period.  Muscle 
strength  and  volume  were  enhanced 
by  increasing  doses  of  testosterone, 
whereas  sexual  function  remained  rel- 
atively constant  regardless  of  dose. 
(After  Bhasin  et  al.,  2001 .) 
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over  the  time  period  of  testing.  The  findings  of  Bhasin’s 
group  are  very  important  because  they  were  obtained  under 
carefully  controlled  conditions.  However,  it  is  worth  noting 
that  even  greater  effects  may  be  obtained  by  users  taking  still 
higher  doses  of  steroids  and  combining  the  treatment  with 
intensive  strength  training. 

Anabolic  steroids  are  taken  in  specific 
patterns  and  combinations 

Anabolic  steroids  are  taken  in  a variety  of  different  doses, 
patterns,  and  combinations  (Mottram  and  George,  2000). 
Endurance  athletes  (for  example,  marathon  runners)  and 
sprinters  tend  to  take  relatively  low  doses  of  steroids,  where- 
as bodybuilders  and  strength  athletes  like  weightlifters  may 
take  up  to  100  times  the  therapeutic  doses  of  these  hor- 
mones. Anabolic  steroids  are  often  used  in  patterns  called 
cycling.  Cycles  are  typically  6 to  12  weeks  in  duration,  with 
periods  of  abstinence  between  successive  cycles.  Athletes  use 
cycling  for  the  following  reasons: 

1 . To  minimize  the  development  of  tolerance  to  the  drug 

2.  To  reduce  the  occurrence  of  adverse  side  effects 

3.  To  maximize  performance  at  an  athletic  competition;  and 

4.  To  avoid  detection  of  a banned  substance 

Cycling  is  sometimes  combined  with  pyramiding,  in  which 
the  steroid  dose  is  gradually  increased  until  the  midpoint  of 
the  cycle  and  then  gradually  decreased  as  the  cycle  is  com- 
pleted. Pyramiding  is  thought  to  reduce  possible  withdrawal 
effects  resulting  from  sudden  termination  of  steroid  use.  It  is 
important  to  note,  however,  that  many  of  the  reasons  offered 
for  cycling  and  pyramiding  are  based  on  anecdotal  informa- 
tion rather  than  controlled  scientific  studies. 

One  additional  feature  of  steroid  use  is  stacking.  This 
refers  to  the  simultaneous  use  of  two  or  more  anabolic 
steroids.  Stacking  is  often  done  by  combining  a short-acting 
oral  steroid  with  a long-acting  injectable  preparation.  While 
users  may  believe  that  stacking  enhances  the  effectiveness  of 
these  compounds,  again  there  is  little  research  available  to 
bolster  such  beliefs. 

Pharmacology  of  Anabolic  Steroids 

The  mechanism  of  action  of  anabolic  steroids 
is  not  fully  understood 

Determining  the  mechanisms  underlying  the  strength- 
enhancing effects  of  anabolic  steroids  has  proven  to  be  a 
challenge.  We  will  consider  this  issue  specifically  with  respect 
to  testosterone,  as  all  anabolic  steroid  preparations  either 
contain  testosterone  itself  or  are  testosterone  derivatives. 
Testosterone  and  other  androgens  are  agonists  at  the  andro- 


Figure  1 5.1 2 Mechanism  of  action  of  androgens  on 
gene  transcription  Androgens  enter  target  cells  by  diffusing 
across  the  cell  membrane.  After  the  hormone  binds  to  andro- 
gen receptors  in  the  cell  cytoplasm,  the  hormone-receptor 
complex  translocates  to  the  cell  nucleus,  where  it  alters  the 
transcription  of  specific  genes. 


gen  receptor.  These  receptors  are  present  in  many  different 
tissues,  including  skeletal  muscle.  In  the  inactive  state,  andro- 
gen receptors  are  located  in  the  cytoplasm  of  the  cell  (Figure 
15.12).  Androgen  molecules  diffuse  across  the  cell  membrane 
and  bind  to  the  receptor,  thereby  activating  it.  The  activated 
hormone-receptor  complex  then  translocates  into  the  cell 
nucleus,  where  it  regulates  the  transcription  of  specific  genes, 
depending  on  the  cell  type.  Researchers  haven’t  yet  identified 
the  specific  muscle  cell  genes  that  are  “turned  on”  by  andro- 
gens, but  the  overall  effect  is  to  increase  protein  synthesis  and 
growth  of  the  muscle. 

The  actions  of  testosterone  are  complicated  by  the  fact  that 
this  substance  is  converted  enzymatically  to  two  other  bioac- 
tive hormones  within  the  body.  In  some  tissues,  an  enzyme 
called  5a-reductase  converts  testosterone  to  dihydrotestos- 
terone (DHT),  which  also  has  potent  androgenic  effects.  This 
conversion  does  not  occur  in  skeletal  muscle,  which  has  little 
or  no  5a-reductase  activity.  In  fact,  some  synthetic  anabolic 
steroids  were  designed  to  avoid  this  metabolic  reaction 
because  it  decreases  the  ratio  of  anabolic  to  androgenic  activ- 
ity. A second  enzyme,  aromatase,  converts  testosterone  to  the 
female  sex  hormone  estradiol  in  a chemical  reaction  called 
aromatization.  Aromatization  is  a normal  process,  even  in 
males,  and  it  plays  a vital  role  in  some  of  testosterone’s  actions 
within  the  CNS.  In  the  present  circumstance,  however,  arom- 
atization is  extremely  undesirable  because  it  leads  to  the  fem- 
inizing side  effects  of  steroid  use.  Again,  some  of  the  synthet- 
ic anabolic  steroids  were  created  to  resist  aromatization  and 
thus  minimize  these  particular  side  effects. 
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As  suggested  in  the  preceding  discussion,  the  muscle- 
building effects  of  anabolic  steroids  are  believed  to  be  medi- 
ated at  least  partly  by  activation  of  androgen  receptors.  How- 
ever, at  least  for  men,  this  hypothesis  has  been  questioned 
based  on  the  idea  that  these  receptors  may  be  saturated  (that 
is,  completely  filled)  at  normal  physiological  levels  of  testos- 
terone. If  this  is  true  and  the  androgen  receptors  are  already 
maximally  activated,  then  how  can  raising  the  amount  of  cir- 
culating steroids  produce  a change  in  the  muscle?  We  don’t 
yet  know  the  answer  to  this  question,  but  there  is  recent  evi- 
dence that  anabolic  steroid  treatment  can  induce  androgen 
receptor  expression  in  muscle  (Sheffield-Moore  et  al.,  1999). 
Increasing  the  number  of  androgen  receptors  in  the  tissue 
would  allow  steroids  to  produce  greater  anabolic  effects  than 
they  would  in  the  presence  of  normal  receptor  expression. 
Another  possibility  stems  from  the  fact  that  at  high  levels, 
androgens  act  as  antagonists  to  glucocorticoid  hormones 
(see  Chapter  3).  In  muscle,  glucocorticoids  are  catabolic, 
which  means  that  they  tend  to  produce  an  overall  decrease 
in  protein  synthesis  and  an  increase  in  protein  breakdown. 
Hence,  a second  mechanism  of  action  for  anabolic  steroids 
could  be  their  anticatabolic  effects  via  glucocorticoid  antag- 
onism. Further  studies  are  needed  to  investigate  these  and 
other  hypotheses  of  anabolic  steroid  action. 

Many  adverse  side  effects 

are  associated  with  anabolic  steroid  use 

Table  15.3  presents  some  of  the  potential  adverse  side  effects 
of  anabolic  steroid  use.  Some  of  these  effects  are  relatively 
common  (for  example,  acne;  Figure  15.13A),  whereas  others 
are  rare  (peliosis  hepatis).  Many  side  effects,  such  as  those 
involving  the  cardiovascular  system,  are  reversible  if  the  per- 
son stops  using  steroids.  Others,  however,  can  be  irreversible, 
like  the  masculinizing  effects  that  occur  in  women  (Figure 
15.13B).  Which  side  effects  occur  depends  on  a number  of 
factors,  including  the  age  and  sex  of  the  user,  the  type  of 


steroid  used  (especially  oral  vs.  injectable),  the  dose,  and  the 
pattern  and  duration  of  use.  As  mentioned  in  the  table,  liver 
toxicity  is  mainly  associated  with  oral  steroids,  but  other  side 
effects  can  occur  with  either  oral  or  injectable  forms.  The 
documented  decrease  in  high-density  lipoprotein  (HDL) 
cholesterol  is  noteworthy  because  it  puts  the  user  at  increased 
risk  for  heart  disease.  Young  people  who  are  still  growing  also 
need  to  be  concerned  about  the  possible  stunting  effects  of 
anabolic  steroids  produced  by  premature  closure  of  the  epi- 
physes.* 

The  behavioral  effects  of  anabolic  steroids  have  been  a mat- 
ter of  considerable  debate  over  the  years.  This  debate  has 
focused  mainly  on  two  issues:  (1)  whether  anabolic  steroids 
cause  increased  irritability  and  aggressive  behavior;  and  (2) 
whether  users  develop  dependence  on  these  compounds.  We 
will  focus  on  the  first  question  here  and  take  up  the  issue  of 
dependence  in  the  next  section. 

A variety  of  different  approaches  have  been  used  to  investi- 
gate the  effects  of  anabolic  steroids  on  mood  and  aggressive- 
ness (Bahrke  et  al.,  1996).  Many  surveys  and  retrospective  stud- 
ies seem  to  indicate  an  association  between  anabolic  steroid  use 
and  increased  irritability  and  aggressive  behavior.  Numerous 
case  studies  have  also  been  reported  in  which  men  who  were 
not  previously  aggressive  or  violent  began  to  show  such  char- 
acteristics while  on  steroids.  This  phenomenon,  which  is  called 
w’roid  rage”  on  the  street,  is  discussed  in  Box  15.2. 

Controlled  studies  of  anger  or  aggressive  behavior  in 
response  to  anabolic  steroids  have  yielded  less  consistent 
results,  with  some  studies  finding  that  steroids  have  signifi- 


*These  are  the  end  regions  of  long  bones  that  retain  the  capacity 
to  further  lengthen  the  bone.  Once  the  epiphyses  are  “closed,”  the 
individual  stops  growing. 


Figure  1 5.1 3 Facial  acne  and  facial  hair  growth  in  ana- 
bolic steroid  users  Anabolic  steroids  can  cause  severe  acne  in 
users  (A)  and  can  also  stimulate  the  growth  of  facial  hair  in 
women  (B).  (Photographs  courtesy  of  Dr.  Michael  Scott.) 
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TABLE  1 5.3  Possible  Health  Consequences  of  Anabolic  Steroid  Use 


Category 

Effects 

Cardiovascular  effects 

Hypertension  (high  blood  pressure) 
Increased  blood  clotting 
Increased  red  blood  cells 

Decreased  HDL  cholesterol 
(the  “good”  kind  of  cholesterol) 

Effects  on  the  liver  (particularly 

Jaundice 

from  oral  steroid  use) 

Peliosis  hepatis  (blood-filled  cysts  in  the  liver) 
Tumors 

Effects  on  the  skin  and  hair 

Oily  skin  and  scalp 

Severe  acne 

Male  pattern  baldness 

Growth  effects 

Growth  stunting  in  adolescents  due  to 

premature  epiphyseal  closure 

Behavioral  effects 

Increased  libido  (sex  drive) 

Increased  irritability  and  aggressiveness 
Dependence 

Specific  effects  on  men 

Testicular  shrinkage 

Reduced  sperm  counts  and  possible  infertility 
Prostate  enlargement 
Gynecomastia  (breast  development) 

Specific  effects  on  women 

Menstrual  abnormalities 

Deepening  of  the  voice 

Excessive  hair  growth,  especially  on  the  face 

Enlargement  of  the  clitoris 

Decreased  breast  size 

cant  effects  on  mood  or  aggressive  behav- 
ior but  other  studies  reporting  no  such 
effects  (Bahrke  et  al.,  1996).  Some  of  this 
inconsistency  may  be  due  to  differing 
treatment  regimens  or  methods  for 
assessing  aggressiveness.  However,  anoth- 
er important  factor  emerged  from  the 
recent  double-blind,  placebo-controlled 
study  of  Pope  et  al.  (2000).  Despite  the 
fact  that  testosterone  administration  led 
to  significant  overall  increases  in  manic 
symptoms  and  aggressive  behavior,  these 
effects  were  highly  variable  across  sub- 
jects. Thus,  84%  of  the  subjects  exhibited 
little  mood  change  in  response  to  the 
treatment,  12%  developed  mild  symp- 
toms of  mania,  and  just  4%  showed 
strong  manic  symptoms.  These  findings 
suggest  that  some  people  are  more  sus- 
ceptible than  others  to  developing  mood 
shifts  and  behavioral  changes  in  response 
to  anabolic  steroid  use.  Such  differential 
susceptibility  could  also  explain  why  ’roid 
rage  only  occurs  in  a small  subset  of 
steroid  users. 

Do  anabolic  steroids  cause 
dependence? 

By  the  late  1980s  and  early  1990s,  reports 
began  to  appear  suggesting  that  some 
anabolic  steroid  users  meet  DSM  (Diag- 
nostic and  Statistical  Manual  of  Mental 
Disorders)  criteria  for  dependence  on 
these  substances.  A recent  review  of  this  literature,  which 
includes  individual  case  reports,  case  series,  and  surveys, 
found  a total  of  165  published  instances  of  presumed  steroid 
dependence  (Brower,  2002).  According  to  survey  studies 
(Brower  et  al.,  1991;  Midgley  et  al.,  1999),  some  of  the  com- 
monly reported  signs  of  dependence  using  the  standard 
DSM  criteria  are: 

1.  Withdrawal  symptoms  when  use  of  the  substance 
(steroid)  is  stopped 

2.  Taking  more  of  the  substance  than  originally  intended 

3.  Inability  to  cut  down  or  control  usage  despite  a desire  to 
do  so 

4.  Spending  a large  amount  of  time  on  activities  related  to 
obtaining  and  using  the  substance 

5.  Continued  substance  use  despite  problems  caused  by 
such  use 

6.  Replacement  of  other  activities  with  substance  use 


Withdrawal  symptoms  can  include  fatigue,  depressed  mood, 
insomnia,  restlessness,  anorexia,  decreased  libido,  dissatis- 
faction with  body  image,  and  a desire  for  more  steroids 
(Brower  et  al.,  1990,  1991).  Evaluation  of  anabolic  steroid 
dependence  is  hampered  by  an  absence  of  large-scale  con- 
trolled studies  that  would  enable  us  to  gauge  the  prevalence 
of  the  problem.  There  is  no  indication  in  the  literature  that  a 
lot  of  steroid  users  are  presenting  themselves  for  psychiatric 
treatment.  This  could  mean  that  severe  dependence  on  ana- 
bolic steroids  is  a relatively  rare  phenomenon,  but  it  is  also 
possible  that  dependent  steroid  users  are  reluctant  to  seek 
treatment  for  various  reasons. 

Information  on  the  potential  abuse  liability  of  testosterone 
has  also  been  obtained  from  studies  in  laboratory  animals.  To 
our  knowledge,  there  are  no  published  reports  of  self-admin- 
istration by  animals  of  testosterone  or  any  other  anabolic 
steroid.  On  the  other  hand,  systemic  injections  of  testosterone 
or  one  of  its  biologically  active  metabolites  have  been  shown 
to  produce  a conditioned  place  preference  in  male  rats 
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BOX  1 5.2 


Drugs  and  Society 


Anabolic  Steroids 
and '"Roid  Rage" 


You  may  have  heard  the  term  "Void 
rage" to  describe  a sudden  eruption  of 
intense  anger  oryiolent  behavior  by 
someone  taking  anabolic  steroids. 
Case  reports  have  documented 
instances  in  which  violent  outbursts 
appear  to  be  linked  to  heavy  steroid 
use.  One  extreme  case  is  described  in 
Katz  and  Pope  (1 990).  Mr.  X,  as  he  is 
referred  to,  was  a 23-year-old  male 
who  had  been  bodybuilding  for  5 
years.  While  in  high  school  and  prior 
to  beginning  his  use  of  steroids,  Mr.  X 
drank  alcohol  socially  and  occasional- 
ly snorted  cocaine  with  friends.  He 
had  no  history  of  psychiatric  illness, 
nor  was  he  known  to  have  ever  com- 
mitted a violent  act.  Indeed,  his  father 
was  a minister,  and  Mr.  X himself  had 
been  an  active  member  of  the 
church's  youth  ministry.  He  was 
described  by  friends  as  a considerate, 
religious  person. 

At  the  age  of  21 , Mr.  X began  the 
first  of  two  cycles  of  anabolic  steroid 
use  in  order  to  improve  his  competi- 
tive standing  as  a bodybuilder.  During 
this  time,  he  started  to  experience 


severe  mood  swings,  including 
noticeable  increases  in  irritability  and 
argumentativeness.  Quoting  Katz  and 
Pope, 

On  more  than  one  occasion 
he  tore  chunks  of  aluminum  out 
of  cans  with  his  teeth  to  intimi- 
date bystanders.  He  also  ripped 
telephones  out  of  the  wall  on 
impulse.  At  this  time,  he  met 
DSM-lll-R  criteria  for  a manic 
episode  with  decreased  desire 
and  need  for  sleep,  explosive 
temper,  extremely  reckless 
behaviors  with  a high  potential 
for  dangerous  and  undesirable 
consequences, continued  irri- 
tability, and  grandiosity  that 
reached  delusional  proportions. 
While  out  one  weekend  evening 
with  some  friends  during  the  sec- 
ond course  of  anabolic  steroids, 
the  group  stopped  at  a small 
market.  While  in  the  parking  lot, 

Mr.  X,  without  known  or  observed 
provocation,  suddenly  wrapped 
his  arms  around  the  telephone 
booth,  tore  it  from  its  base,  and 
threw  it  across  the  lot.The  group 
left  immediately  and  soon  there- 
after saw  a hitchhiker  on  the 
road.  Mr.  X told  the  driver  to  stop. 
After  the  hitchhiker,  a stranger  to 


all  present,  entered  the  vehicle, 

Mr.  X instructed  the  driver  to 
drive  to  a remote  spot  in  the 
woods.  Once  there,  without  insti- 
gation, Mr.  X beat  the  victim 
repeatedly,  tied  him  between  two 
poles,  smashed  a wooden  board 
over  his  back,  and  kicked  him. The 
hitchhiker  was  found  dead  the 
next  morning,  (p.  220) 

Mr.  X was  arrested,  convicted,  and 
incarcerated  for  his  crime.  Once  off 
steroids,  however,  he  reverted  to  his 
previous  personality  traits.  In  prison 
he  was  described  as  quiet,  modest, 
and  accommodating.  Indeed,  he  was 
astonished  at  the  acts  he  had  commit- 
ted that  fateful  evening. 

While  case  reports  such  as  this  do 
not  prove  an  association  between 
anabolic  steroids  and  violent  behav- 
ior, they  suggest  that  such  an  associa- 
tion may  occasionally  occur.  Never- 
theless, such  extreme  Void  rage  is  a 
rare  event  even  among  heavy  users. 
Controlled  studies  of  steroid  adminis- 
tration indicate  that  some  individuals 
appear  to  be  particularly  susceptible 
to  steroid-induced  aggressiveness 
(see  text),  and  we  might  speculate 
that  steroid  users  who  engage  in  vio- 
lent acts  (such  as  Mr.  X)  are  among  the 
susceptible  group. 


(Alexander  et  al.,  1994;  Frye  et  al.,  2001).  Because  the  cellular 
events  triggered  by  steroid  hormone  receptors  occur  much 
more  slowly  than  the  rapid  events  triggered  by  neurotrans- 
mitter receptors  (that  is,  altered  gene  transcription  vs.  ion 
channel  opening  or  second-messenger  synthesis),  it  is  possi- 
ble that  place-conditioning  procedures  are  better  suited  than 
self-administration  methods  for  demonstrating  the  reward- 
ing effects  of  anabolic  steroids. 

Further  investigation  demonstrated  that  place  condition- 
ing could  be  established  with  injections  of  testosterone  or  its 
metabolites  directly  into  the  nucleus  accumbens,  a brain  area 
strongly  associated  with  drug  (particularly  psychostimulant) 
reward  (Packard  et  al.,  1997;  Frye  et  al.,  2002).  Moreover,  the 
conditioned  place  preference  produced  by  peripheral  testos- 
terone injections  was  completely  blocked  by  either  peripher- 


al or  intra-accumbens  administration  of  the  mixed  Dj/D2 
dopamine  receptor  antagonist  a-flupenthixol  (Packard  et  al., 
1998;  Figure  15.14).  Taken  together,  the  place-conditioning 
studies  argue  that  testosterone  can  be  rewarding  under  the 
appropriate  conditions,  and  they  additionally  provide  a neu- 
roanatomical  and  neurochemical  link  with  other  abused  sub- 
stances that  have  been  shown  to  activate  the  accumbens 
dopamine  system. 

Even  though  anabolic  steroids  can  apparently  produce 
rewarding  effects,  dependence  on  these  substances  does  not 
seem  to  have  the  same  features  as  dependence  on  more  typi- 
cal drugs  of  abuse  such  as  alcohol,  nicotine,  cocaine,  and 
heroin.  Under  controlled  laboratory  conditions,  administra- 
tion of  varying  doses  of  testosterone  to  subjects  who  were 
not  steroid  users  failed  to  produce  any  feelings  of  euphoria 
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Chapter  1 5 


Test  day  treatment 

Figure  1 5.1 4 Blockade  of  a testosterone  conditioned 
place  preference  by  microinjection  of  the  dopamine 
receptor  antagonist  a-flupenthixol  into  the  nucleus 
accumbens  Rats  were  given  8 days  of  training  during  which 
testosterone  (0.8  mg/kg  intraperitoneally)  or  vehicle  was 
administered  once  daily  while  the  animal  was  confined  to  one 
or  the  other  compartment  of  a place-conditioning  apparatus 
for  30  minutes.  Preference  for  the  testosterone-paired  side  was 
tested  on  day  9.  Some  rats  received  5.0  pg  of  a-flupenthixol  into 
the  nucleus  accumbens  on  the  test  day,  while  others  received 
an  intra-accumbens  injection  of  saline  instead. The  animals 
given  saline  on  the  test  day  showed  a conditioned  preference 
for  the  chamber  previously  paired  with  testosterone,  whereas 
this  preference  was  not  observed  in  the  animals  given  a-flu- 
penthixol on  the  test  day.  (After  Packard  et  al.,  1 998.) 


(Fingerhood  et  al.,  1997).  Indeed,  the  hormone  wasn’t  even 
reliably  detected  compared  to  placebo  treatment  in  a drug 
discrimination  paradigm.  Moreover,  users  don’t  typically 
report  strong  cravings  when  withdrawing  from  steroids, 
which  differs  from  the  intense  cravings  usually  experienced 
by  cocaine-,  heroin-,  alcohol-,  or  nicotine-dependent  indi- 
viduals undergoing  forced  abstinence.  In  humans  at  least,  it 
seems  likely  that  the  reinforcement  obtained  from  taking 
anabolic  steroids  stems  principally  from  their  performance- 
boosting and  body  image-enhancing  effects.  As  Brower 
(2002)  points  out,  anabolic  steroid  dependence  occurs  in 
weightlifters  who  are  highly  motivated  to  increase  their 
strength  and  who  participate  in  a culture  that  places  a pre- 
mium on  physical  attractiveness,  fitness,  and  competitive- 
ness. Fie  proposes  that  the  development  of  steroid  depend- 
ence is  due  to  the  “muscle-active”  effects  of  these  compounds 
rather  than  any  specific  psychoactive  effects.  However,  based 
in  part  on  the  animal  literature  summarized  in  the  preced- 
ing paragraphs,  Brower  goes  on  to  speculate  that  with  repeat- 
ed high-dose  usage,  a second  stage  of  steroid  dependence 
may  develop  that  is  mediated  by  brain  reward  mechanisms. 
This  interesting  theory  remains  to  be  tested  experimentally. 


Section  Summary 

Anabolic-androgenic  steroids  are  hormones  that  increase 
muscle  mass  and  strength  and  also  produce  masculinizing 
effects  in  the  user.  These  substances  either  contain  the  natu- 
rally occurring  male  sex  hormone  testosterone  or  are  similar 
to  testosterone  in  their  chemical  structure.  Some  anabolic 
steroids  are  taken  orally,  others  by  intramuscular  injection. 

Anabolic  steroids  were  developed  for  their  muscle-build- 
ing and  performance-enhancing  effects.  The  Soviet  Union 
was  the  first  country  in  which  steroids  were  administered  to 
athletic  competitors;  however,  the  practice  quickly  spread  to 
other  countries.  When  the  use  and  abuse  of  these  substances 
became  more  widespread  and  numerous  adverse  side  effects 
began  to  emerge,  steroids  were  classified  as  Schedule  III  con- 
trolled substances  in  the  United  States.  They  were  also 
banned  by  a variety  of  national  and  international  athletic 
organizations. 

Despite  anecdotal  reports  and  case  studies  of  perform- 
ance enhancement  by  anabolic  steroids,  researchers  were 
skeptical  about  these  claims  for  many  years  due  to  an  absence 
of  appropriate  double-blind,  placebo-controlled  studies. 
However,  controlled  experimental  studies  published  over  the 
past  10  years  have  demonstrated  the  dose-dependent  effects 
of  testosterone  on  muscle  fiber  size,  muscle  mass,  and 
strength.  Thus  at  the  present  time  there  is  no  longer  any 
doubt  about  the  effectiveness  of  anabolic  steroids. 

Anabolic  steroids  are  usually  taken  in  specific  patterns 
and  combinations.  In  the  case  of  cycling,  the  steroid  is  taken 
in  alternating  on  and  off  periods.  Cycling  can  be  combined 
with  pyramiding,  in  which  the  dose  is  increased  during  the 
early  part  of  the  cycle  and  then  gradually  decreased  after  the 
peak  dose  is  reached  at  the  midpoint  of  the  cycle.  Some  users 
also  combine  two  or  more  steroids,  often  one  that  is  injected 
and  another  that  is  taken  orally.  This  practice  is  known  as 
stacking. 

Testosterone  and  other  androgens  are  agonists  at  andro- 
gen receptors.  When  activated  by  binding  an  androgen,  these 
receptors  translocate  to  the  cell  nucleus,  where  they  modu- 
late gene  transcription.  Muscle  cells  possess  androgen  recep- 
tors, but  it  is  thought  that  these  receptors  may  already  be 
maximally  occupied  by  normal  circulating  levels  of  testos- 
terone. This  would  make  it  difficult  to  explain  how  supra- 
physiological  androgen  levels  could  produce  their  anabolic 
effects.  One  possibility  is  that  high  androgen  concentrations 
increase  receptor  expression  by  the  muscles,  thereby  permit- 
ting enhanced  hormone  action.  It  is  also  possible  that  high 
doses  of  anabolic  steroids  exert  an  anticatabolic  effect 
through  an  antagonistic  action  against  glucocorticoids. 

There  are  a number  of  adverse  side  effects  of  anabolic 
steroids  that  affect  the  cardiovascular  and  reproductive  sys- 
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terns.  These  substances  can  produce  masculinizing  effects  in 
female  users  and  growth  stunting  in  adolescents.  Oral  steroids 
pose  the  additional  risk  of  causing  liver  damage.  Behavioral 
side  effects  include  heightened  irritability  and  aggressiveness 
that  reaches  extreme  proportions  in  a small  number  of  cases. 

Anabolic  steroid  dependence  and  withdrawal  have  been 
reported  in  some  users.  Although  androgen  self-administra- 
tion has  not  been  demonstrated  in  experimental  animals, 
there  are  several  studies  showing  rewarding  effects  through 
place  conditioning.  There  is  also  evidence  that  the  nucleus 
accumbens  dopamine  system  may  be  involved  in  androgen 
reward.  Nevertheless,  anabolic  steroid  dependence  does  not 
show  the  same  intensity  as  dependence  on  many  other  drugs 
of  abuse.  Brower  has  proposed  a two-stage  hypothesis  of 


anabolic  steroid  dependence  in  which  these  substances  are 
initially  taken  for  their  muscle-active  effects  but  may  even- 
tually engender  direct  reinforcing  effects  with  prolonged 
high-dose  use. 
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Affective  Disorders 


B 


arbara,  a 39  year-old  woman  who  had  studied  operatic  singing, 
suffered  from  manic  episodes.  During  one  of  them  she  started 


keeping  her  family  up  all  night  with  prayer  and  loud  singing.  She 


During  one  manic  period  she  slept  only  two  and  a 
half  hours  a day.  When  interviewed  by  the  psychia- 
trist at  the  hospital,  she  was  wearing  a flamboyant 
long  red  skirt  with  a peasant  blouse  and  was  heavily 
ornamented  with  huge  earrings  and  numerous  neck- 
laces, bracelets,  and  medals  pinned  to  her  shirt.  She 
talked  fast,  too  loudly,  and  too  much,  frequently 
breaking  into  song.  She  could  not  be  interrupted  to 
answer  the  doctor  s questions.  Her  talking  and 
singing  emphasized  her  intimate  relationship  with 
God,  and  she  said  that  her  beautiful  singing  voice  was 
Gods  gift,  which  she  had  to  share  with  those  less  for- 
tunate. She  drove  to  New  York  City  to  inform  the 
Metropolitan  Opera  that  she  might  have  time  for  sev- 
eral performances  in  between  her  other  vocal  activi- 
ties. Although  Barbara  has  a beautiful  voice  and 
grandiose  plans,  she  has  not  managed  to  create  a 
career  in  singing  due  to  the  intrusion  of  mental  ill- 
ness and  multiple  hospitalizations,  often  for  suicide 
attempts  (Lickey  and  Gordon,  1991). 


was  often  not  tired  for  days,  scarcely  sleeping  at  all. 


Excessive  energy  and  unlimited  confidence  may  lead 
the  manic  individual  to  impulsive  and  dangerous 
behavior. 


386  Chapter  16 


Characteristics  of  Affective  Disorders 

The  Diagnostic  and  Statistical  Manual  of  Mental  Disorders 
(DSM-IV)  describes  two  principal  types  of  affective  disorder: 
major  depression  and  bipolar  disorder.  Both  of  these  are 
characterized  by  extreme  and  inappropriate  exaggeration  of 
mood  (or  affect).  Major  depression,  also  called  unipolar 
depression,  is  characterized  by  recurring  episodes  of  dyspho- 
ria and  negative  thinking  that  is  also  reflected  in  behavior. 
Bipolar  disorder  (also  called  bipolar  depression),  is  also  cyclic, 
but  moods  swing  from  depression  to  mania  over  time.  The 
thinking  and  behavior  of  individuals  with  affective  disorders 
are  consistent  with  the  exaggerated  mood,  but  the  mood  does 
not  reflect  a realistic  appraisal  of  the  environment.  Mood  dis- 
orders are  among  the  most  common  form  of  mental  illness 
today  and  were  described  as  early  as  400  B.c.  by  Hippocrates. 
The  Greeks  called  depression  melancholia , meaning  “black 
bile,”  and  recognized  that  it  was  associated  with  anxiety  and 
heavy  alcohol  use.  However,  only  in  the  last  150  years  has  it 
been  recognized  as  a disorder  of  brain  function. 

Major  depression  damages  the  quality  of  life 

We  are  all  familiar  with  the  essential  feelings  associated  with 
depression:  feeling  down  and  blue,  feeling  listless,  and  lack- 
ing energy  to  do  even  the  fun  things  we  normally  enjoy.  The 
state  of  sadness  that  occurs  in  response  to  situations  such  as 
the  loss  of  a loved  one,  failure  to  achieve  goals,  or  disap- 
pointment in  love  is  called  reactive  depression  and  does  not 
constitute  mental  illness  unless  symptoms  are  dispropor- 
tionate to  the  event  or  significantly  prolonged.  The  fact  that 
we  all  have  experienced  depression  does  not  make  the  clinical 
condition  any  easier  to  understand.  In  clinical  depression,  the 
mood  disorder  is  so  severe  that  the  individual  withdraws 
from  life  and  all  social  interactions.  The  intense  pain  and 
loneliness  may  make  suicide  seem  like  the  only  option. 
Pathological  depression  resembles  the  emotional  state  that 
we  have  all  experienced  but  differs  significantly  both  in 
intensity  and  duration. 

The  dysphoric  mood  is  characterized  by  a loss  of  interest 
in  almost  everything  and  an  inability  to  experience  pleasure 
in  anything  (anhedonia).  Most  depressed  patients  express 
feelings  of  hopelessness,  worthlessness,  sadness,  guilt,  and 
desperation.  Frequently,  patients  exhibit  loss  of  appetite, 
insomnia,  crying,  diminished  sexual  desire,  loss  of  ambition, 
fatigue,  and  either  motor  retardation  or  agitation.  Self-deval- 
uation and  loss  of  self-esteem  are  very  common  and  are 
combined  with  a complete  sense  of  hopelessness  about  the 
future.  Individuals  may  stop  eating  or  caring  for  themselves 
physically,  sometimes  remaining  in  bed  for  prolonged  peri- 
ods. Other  physical  symptoms  may  include  localized  pain, 
severe  digestive  disturbances,  and  difficulty  breathing. 


Thoughts  of  suicide  are  common;  one  estimate  of  suicide 
rates  suggests  that  7 to  15%  of  depressed  individuals  commit 
suicide,  in  contrast  to  a rate  of  1 to  1.5%  in  the  overall  popu- 
lation. Table  16.1  summarizes  the  DSM-IV  criteria  for  major 
depression  and  manic  episodes.  Although  there  are  some 
common  features  of  clinical  depression,  symptom  clusters  do 
vary  with  the  individual.  Furthermore,  particular  patterns  of 
symptoms  suggest  that  there  are  depression  subtypes  that 
may  or  may  not  be  associated  with  distinct  pathophysiolo- 
gies. 

If  left  untreated,  most  episodes  of  unipolar  depression 
improve  in  about  6 to  9 months.  However,  the  episodes  usu- 
ally recur  throughout  life,  often  increasing  in  frequency  and 
intensity  in  later  years.  Although  stress  often  precedes  the 
first  episodes  of  depression,  later  episodes  are  more  likely  to 
occur  without  the  influence  of  psychosocial  stress.  Estimates 
of  the  incidence  of  depression  vary  significantly,  but  it  is  gen- 
erally believed  that  15  to  20%  of  the  population  experience 
depressive  symptoms  at  any  given  time.  The  lifetime  risk  for 
a first  episode  of  unipolar  depression  is  between  3 and  4% 
for  men  and  from  5 to  9%  for  women.  The  gender  difference 
in  the  risk  for  depression  is  a topic  of  considerable  interest 
and  debate.  The  mean  age  of  onset  for  depression  is  27  years. 
This  figure  has  decreased  in  recent  years:  Figure  16.1  shows 
that  among  Americans  born  before  1905,  only  1%  developed 
depression  by  age  75,  whereas  among  those  born  since  1955, 
6%  had  become  depressed  by  age  24. 


Figure  1 6.1  Age  of  onset  of  major  depression  Americans 
are  developing  major  depression  at  higher  rates  and  younger 
ages  than  previously,  according  to  this  analysis  of  data. The 
study  evaluated  1 8,244  subjects  at  five  sites,  grouped  in  cohorts 
based  on  year  of  birth.  Cross-cultural  surveys  indicate  a similar 
phenomenon  worldwide.  (After  Barlow  and  Durand,  1 995.) 
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TABLE  1 6.1  Symptoms  of  Manic  Episodes  and  Major  Depression 

Diagnosis  Symptom 

Manic  episode  Inflated  self-esteem  or  grandiosity 

Decreased  need  for  sleep  (e.g.,  feeling  rested  after  only  3 hours  of  sleep) 

Greater  talkativeness  than  usual  or  pressure  to  keep  talking 
Flight  of  ideas  or  feeling  that  thoughts  are  racing 

Distractibility  (i.e.,  attention  too  easily  drawn  to  unimportant  external  stimuli) 

Increase  in  goal-directed  activity  (either  socially,  at  work,  or  sexually);  agitation 

Excess  involvement  in  pleasurable  activities  that  have  a high  potential  for  painful  consequences 
(e.g.,  unrestrained  buying  sprees,  sexual  indiscretions,  or  foolish  investments) 

Major  depressive  Depressed  mood  (or  irritable  mood  in  children  and  adolescents)  most  of  the  day,  nearly  every  day 
episode  Diminished  interest  or  pleasure  in  most  activities  most  of  the  day,  every  day 

Significant  changes  in  body  weight  or  appetite  (gain  or  loss) 

Insomnia  or  hypersomnia  nearly  every  day 

Psychomotor  agitation  (increased  activity)  or  retardation  (decreased  activity) 

Fatigue  or  loss  of  energy 

Feelings  of  worthlessness  or  excessive  or  inappropriate  guilt 
Diminished  ability  to  think  or  concentrate;  indecisiveness 

Recurrent  thoughts  of  death,  recurrent  suicidal  ideation  without  a specific  plan,  or  a suicide  attempt 
or  specific  plan  for  committing  suicide 

Source:  American  Psychiatric  Association,  1994. 


In  bipolar  disorder  moods  alternate  from 
mania  to  depression 

The  second  type  of  exaggerated  mood  is  mania.  Mania  rarely 
occurs  alone  but  rather  alternates  with  periods  of  depression 
to  form  bipolar  disorder.  The  primary  symptom  of  mania  is 
elation.  Manic  individuals  feel  faultless,  full  of  fun,  and 
bursting  with  energy.  Their  need  for  sleep  is  significantly 
reduced.  They  tend  to  be  more  talkative  than  usual  and  expe- 
rience racing  thoughts  and  ideas.  In  some  individuals  the 
predominant  mood  is  irritability,  belligerence,  and  impa- 
tience because  the  rest  of  us  are  just  too  slow.  They  tend  to 
make  impulsive  decisions  of  the  grandiose  sort  and  have 
unlimited  confidence  in  themselves.  The  manic  individual 
becomes  involved  in  activities  that  have  a high  potential  for 
negative  consequences  that  often  go  unrecognized  by  the 
individual,  such  as  foolish  business  investments,  reckless 
driving,  buying  sprees,  or  sexual  indiscretions.  However, 
some  individuals  during  a manic  phase  are  capable  of  highly 
productive  efforts  when  channeled  appropriately.  A high 
proportion  of  creative  individuals  in  the  arts  and  sciences 
have  experienced  bipolar  disorder  and  find  that  during  the 
manic  periods  their  thought  processes  quicken  and  they  feel 
both  creative  and  productive.  Is  creativity  linked  to  mental 
illness?  Box  16.1  considers  that  possibility. 


The  incidence  of  bipolar  disorder  is  the  same  in  men  and 
women:  it  occurs  in  approximately  1%  of  the  population. 
The  time  of  onset  for  bipolar  illness  is  typically  between  20 
and  30  years  of  age,  and  episodes  continue  throughout  the 
life  span. 

Risk  factors  for  mood  disorders  are  biological 
and  environmental 

Most  scientists  agree  that  psychiatric  disorders  develop  in  a 
given  individual  because  of  the  interaction  of  genes  and  envi- 
ronmental events.  Individuals  with  particular  clusters  of 
genes  inherit  the  tendency  to  express  certain  traits  or  behav- 
iors that  increase  their  vulnerability  to  specific  disorders. 
Having  those  genes  does  not  mean  you  will  develop  the  dis- 
order, but  exposure  to  particular  environmental  events  is 
more  likely  to  trigger  the  disorder  in  the  vulnerable  individ- 
ual. Heredity,  environmental  stress,  and  altered  biological 
rhythms  are  risk  factors  for  affective  disorders. 

Role  of  heredity  Evidence  for  a genetic  contribution  to 
affective  disorders  comes  from  several  sources.  Adoption 
studies  help  to  clarify  the  role  of  genetics  and  family  envi- 
ronment. In  these  studies,  individuals  with  a firm  diagnosis 
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BOX  16.1 


Drugs  and.  Society 


Mood  Disorders  and 
Creativity 


The  old  belief  that  genius  is  allied  to 
madness  may  have  its  origins  in  the 
behaviors  of  mystics  and  soothsayers 
who  frequently  experienced  unusual 
states  of  consciousness  while  reveal- 
ing their  prophesies.  Edgar  Allan  Poe 
may  have  been  one  of  the  first  con- 
temporary authors  to  suggest  that  his 
creative  talent  might  in  fact"spring 
from  disease  of  thought — from 
moods  of  mind."  Several  questions 
pose  themselves.  Is  the  occurrence  of 
mental  illness  higher  in  populations  of 
creative  people  than  in  average  indi- 
viduals? If  so,  then  is  mental  disorder 
responsible  for  the  special  talent  we 
call  creativity  or  are  there  common 
factors  that  may  contribute  to  both 
creative  endeavors  and  vulnerability 
to  mental  disorders?  Many  influential 
poets,  artists,  and  composers  either 
wrote  about  their  intense  mood 
changes  or  have  been  diagnosed  with 
either  mania  or  depression.  However,  it 
is  certainly  true  that  the  majority  of 
creative  individuals  do  not  suffer  from 
mood  disorders  or  mental  illness. 

To  begin  to  answer  some  of  our 
questions,  we  need  reliable  statistical 
evidence  rather  than  merely  anecdot- 
al reports.To  evaluate  the  hypothesis 
that  a relationship  exists  between 
mood  disorders  and  creative  behav- 
ior, we  need  to  have  systematic  data 
collection,  which  may  include  struc- 
tured interviews,  along  with  control 
groups  that  are  matched  on  signifi- 
cant variables  such  as  education, 
socioeconomic  level,  etc.  Also,  we  can 
not  rely  on  "madness"as  our  defining 
criterion  for  mental  illness.  Instead, 
strict  diagnostic  criteria  such  as  the 
DSM-IV  definition  of  mood  disorders 
must  be  used.  As  an  expert  in  the 
field,  Kay  Jamison  (1985)  has  com- 
piled data  from  a number  of  statistical 
studies  that  show  extremely  high 


Expected  rate 
in  general  population 

Andreasen's  study 
of  writers  (1987) 

Jamison's  study 
of  artists  and  writers  (1989) 

Schildkraut  and  Hirshfeld's 
study  of  artists  (1990) 

Akiskal  and  Akiskal's 
study  of  artists  and 
writers  (unpublished) 

Jamison's  study  of  British 
poets  born  between 
1705  and  1805  (1989) 

Montgomery  and 
Montgomery's 
study  of  poets  (1993) 

Ludwig's 
study  of  poets  (1992) 
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rates  of  depression,  mania,  cyclo- 
thymia ( a less  severe  form  of  manic- 
depressive  illness),  and  suicide  among 
creative  people  compared  to  controls. 
Overall,  these  investigations  show  a 
suicide  rate  1 8 times  higher  in  individ- 
uals who  have  significantly  con- 
tributed to  the  arts  and  literature 
compared  to  the  general  population, 
as  well  as  an  incidence  of  depression 
8 to  1 0 times  higher  and  an  incidence 
of  manic-depressive  illness  1 0 to  20 
times  higher. 

Although  there  is  no  way  to  be 
sure,  Jamison  argues  that  some  of  the 
classic  symptoms  of  mood  disorders 
may  promote  some  unique  talents. 

For  example,  individuals  with  mania 
or  a less  severe  condition  called  hypo- 
mania  experience  expansive  thinking 
and  grandiose  moods.  Hypomanic 
speech  uses  more  rhyme,  alliteration, 
and  unique  vocabulary. Tests  have 
also  shown  that  word  associations  are 
more  rapid  during  a hypomanic  state. 
Depression  produces  subdued  behav- 
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ior,  inward-directed  thoughts, and 
questioning.  Perhaps  some  individu- 
als who  experience  manic-depressive 
episodes  use  the  altered  states  to 
view  the  world  as  a place  of  opposing 
forces  and  ambiguities  and,  as  a 
result,  develop  insights  into  the  con- 
stantly changing  nature  of  life. 

Does  this  mean  mood  disorders 
should  go  untreated?  Certainly  not, 
because  these  are  serious  and  dan- 
gerous conditions  that  should  not  be 
trivialized.  Left  untreated,  a mood  dis- 
order often  worsens  to  the  point  that 
the  individual  cannot  work  at  all.  Fur- 
thermore, treatment  becomes  less 
effective  later  in  the  course  of  the  dis- 
order. Some  may  abuse  alcohol  or  illic- 
it drugs  seeking  relief.  Unfortunately, 
the  side  effects  of  the  mood-stabiliz- 
ing drugs  may  cause  a loss  in  cogni- 
tive skills.The  ultimate  goal  of  thera- 
peutics for  bipolar  disorder  should  be 
to  control  the  extremes  but  not 
impair  the  normal  range  of  human 
emotional  experience. 
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Figure  1 6.2  Concordance  rate  for  mood  disorders 
among  identical  and  fraternal  twins  Identical  twins  are  far 
more  likely  to  share  mood  disorders  than  are  fraternal  twins, 
especially  in  the  case  of  bipolar  disorder.  Concordance  for  clini- 
cal depression  depends  to  some  extent  on  severity.  In  this  case, 
severe  depression  is  defined  as  three  or  more  episodes  of 
depression.  Data  derived  from  1 1 0 pairs  of  twins.  (After  Ber- 
telsen  et  al.,  1977.) 


who  were  adopted  at  an  early  age  are  the  focus  of  the 
research.  If  a heritable  component  exists,  one  would  expect 
to  see  that,  compared  with  controls,  the  individual  with 
affective  disorder  has  more  biological  relatives  with  the  same 
disorder,  despite  being  raised  in  a different  environment. 
Although  adoption  studies  suggest  a role  for  genetics,  the 
results  have  not  always  been  consistent. 

The  best  evidence  for  a heritable  component  to  affective 
illness  comes  from  twin  studies,  which  show  a significant 
difference  between  monozygotic  (identical)  and  dizygotic 
(fraternal)  twins  in  the  rate  of  concordance  for  the  disorders. 
The  data  in  Figure  16.2  show  that  if  one  twin  has  a mood 
disorder,  the  concordance  rate  (i.e.,  the  likelihood  of  the 
other  twin  sharing  the  trait)  for  a monozygotic  twin  is 
approximately  65%.  This  means  that  if  one  of  the  pair  of 
identical  twins  (having  the  same  genes)  experiences  affective 
illness,  the  probability  that  the  other  twin  will  also  experi- 
ence some  affective  disorder  is  65%.  In  contrast,  the  concor- 
dance rate  for  dizygotic  twins  (who  are  genetically  no  more 
similar  than  other  siblings)  is  20%.  The  difference  in  these 
two  rates  suggests  the  extent  to  which  genetics  contributes  to 
the  disorder.  Keep  in  mind  that  if  genetics  were  the  only 
determining  factor,  the  concordance  rate  in  identical  twins 
would  be  100%.  The  genetics  of  an  individual  can  certainly 
make  him  more  vulnerable,  but  whether  or  not  he  actually 


develops  the  disorder  must  also  depend  on  other  psychoso- 
cial or  pathophysiological  factors. 

If  you  look  again  at  Figure  16.2  you  will  see  that  the  con- 
cordance rate  is  also  dependent  on  the  severity  of  clinical 
depression:  more  severe  mood  disorders  may  have  a stronger 
genetic  contribution  than  less  severe  disorders.  The  figure 
also  shows  that  the  genetic  contribution  to  bipolar  disorder 
is  significantly  greater  than  that  to  major  depression.  Eighty 
percent  concordance  in  monozygotic  twins  compared  to 
16%  in  dizygotic  twins  indicates  a very  strong  role  for  hered- 
ity in  bipolar  disorder. 

Despite  linkage  studies,  which  look  for  similarities  in 
gene  location  on  chromosomes  in  families  with  affected 
members,  and  other  more  sophisticated  methods  of  molecu- 
lar biology  that  examine  DNA  fragments,  no  single  domi- 
nant gene  for  affective  disorders  is  known.  We  may  well  find 
that  the  genes  involved  confer  a general  vulnerability  to  a 
host  of  mood  and  anxiety  disorders.  The  particular  disorder 
that  is  expressed  in  an  individual  may  ultimately  be  deter- 
mined by  developmental  or  psychosocial  factors. 

Role  of  stress  Both  neurobiological  studies  and  family  stud- 
ies indicate  that  anxiety  and  depression  are  closely  related. 
First,  anxiety  along  with  its  associated  physiological  symptoms 
is  a frequent  accompaniment  to  depression.  Second,  intense 
environmental  stress  and  anxiety  often  precede  episodes  of 
depression,  particularly  early  on  in  the  course  of  the  disorder. 
Further,  altered  patterns  of  stress  hormone  levels  are  frequent- 
ly found  in  depressed  patients.  Chapter  17  will  further  develop 
the  realtionship  between  anxiety  and  depresssion.  Despite  the 
importance  of  environmental  stress,  keep  in  mind  that  identi- 
cal life  stresses  may  be  perceived  very  differently  by  individu- 
als. Many  people  seem  resilient  and  capable  of  coping  despite 
extraordinary  stresses,  while  others  seem  to  succumb  to  rela- 
tively minor  problems.  It  is  likely  that  genetics  plays  a role  in 
determining  how  one  responds  physically  and  behaviorally  to 
daily  traumas  and  stress.  The  dual  importance  of  nature 
(genetics)  and  nurture  (environment)  can  never  be  ignored. 

The  importance  of  stress  to  the  etiology  of  depression  and 
its  mediation  by  the  hypothalamic-pituitary-adrenal  (HPA) 
axis  is  a significant  focus  in  neuroscience.  In  response  to  stress, 
multiple  neurotransmitters  (including  norepinephrine,  acetyl- 
choline, and  y-aminobutyric  acid  [GAJBA])  regulate  the  secre- 
tion of  corticotropin-releasing  factor  (CRF)  from  hypothala- 
mic cells.  CRF  controls  the  release  of  adrenocorticotropic 
hormone  (ACTH)  from  the  pituitary  into  the  blood.  ACTH  in 
turn  acts  on  the  adrenal  gland  to  increase  secretion  of  cortisol 
and  other  glucocorticoids,  which  all  play  a role  in  the  mobi- 
lization of  energy  to  deal  with  stress  (Figure  16.3).  Normally, 
cortisol  feeds  back  to  shut  down  HPA  activation,  resulting  in 
transient  activity  of  the  system  and  brief  surges  in  cortisol. 

Among  the  most  consistent  neuroendocrine  abnormali- 
ties in  depressed  individuals  is  abnormal  secretion  of  corti- 
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Figure  1 6.3  The  HPA  axis  Our  normal  response  to  stress 
includes  activation  of  the  hypothalamus,  which  initiates  a cas- 
cade of  events  beginning  with  the  release  of  CRF.CRF  acts  at 
the  anterior  pituitary  to  induce  ACTH  release.  ACTH  in  turn  caus- 
es the  adrenal  cortex  to  release  cortisol  and  other  glucocorti- 
coids into  the  general  circulation  to  enhance  energy  production 
to  deal  with  stress.  Notice  the  dual  negative-feedback  loop  initi- 
ated by  high  levels  of  glucocorticoids  in  the  blood  that  directly 
reduces  hypothalamic  release  of  CRF  while  at  the  same  time 
acting  on  the  hippocampus,  which  also  inhibits  HPA  function. 


sol,  which  is  demonstrated  in  several  ways.  First,  many 
depressed  patients  have  elevated  levels  of  cortisol  (Figure 
16. 4A)  in  response  to  a greater-than-normal  release  of 
ACTH.  Although  both  the  pituitary  and  adrenal  glands  are 
enlarged  due  to  hypersecretion,  evidence  from  several 
sources  suggests  that  the  abnormality  is  not  in  the  glands  but 
is  in  the  brain.  The  hypersecretion  is  most  likely  due  to 
abnormal  regulation  of  CRF  by  the  hypothalamus.  Numer- 
ous studies  have  found  higher-than-normal  levels  of  CRF  in 
the  cerebrospinal  fluid  (CSF)  of  depressed  patients  and 
increased  numbers  of  CRF-producing  cells  in  the  hypothala- 
mus in  postmortem  brain  tissue.  It  is  important  to  note  that 
antidepressant  drug  treatment  and  electroconvulsive  thera- 
py reduce  CRF  levels  in  depressed  patients. 


Figure  1 6.4  Abnormalities  in  glucocorticoids  (A)  Many  (but  ^ 
not  all)  depressed  patients  have  elevated  cortisol  levels,  compared 
with  controls.  Each  dot  represents  a single  individual.  (B)  Differ- 
ences exist  between  the  circadian  changes  in  blood  cortisol  levels 
of  depressed  patients  and  healthy  control  subjects.The  measures 
were  made  each  hour  over  a 1 -day  period.The  decline  in  cortisol 
that  normally  occurs  in  the  early  morning  and  evening  occurs  to  a 
lesser  extent  in  depressed  patients.  (C)  Depressed  individuals  fail 
to  respond  with  reduced  cortisol  levels  after  injection  with  1 mg 
dexamethasone  (DEX).The  injected  glucocorticoid  also  normally 
reduces  both  CRF  release  from  the  hypothalamus  and  pituitary 
release  of  ACTH.  (B  after  Kandel,  1 991 ; C after  Klein,  2000.) 

Second,  the  high  level  of  cortisol  found  in  depressed 
patients  is  characterized  by  an  abnormal  circadian  rhythm 
in  cortisol  secretion.  The  elevated  and  relatively  flat  pattern 
(depicted  in  Figure  16.4B)  may  reflect  a more  general  abnor- 
mality in  the  biological  clock,  since  altered  rhythmicity  also 
occurs  for  body  temperature  changes  and  sleep  patterns  (see 
below).  Third,  since  many  depressed  individuals  have  elevat- 
ed cortisol,  it  is  not  surprising  that  some  fail  to  respond  to 
dexamethasone  challenge.  Dexamethasone  is  a synthetic  glu- 
cocorticoid that  should  act  as  a negative-feedback  stimulus 
to  suppress  hypothalamic  release  of  CRF  and  pituitary 
release  of  ACTH,  resulting  in  decreased  cortisol  levels  (Figure 
16.4C).  Several  studies  have  suggested  that  patients  who 
remain  nonresponders  to  dexamethasone  (i.e.,  fail  to  have 
cortisol  release  suppressed)  after  successful  antidepressant 
treatment  have  a higher  probability  of  relapse  than  those 
who  show  normal  response. 

Although  usually  adrenal  glucocorticoids  (including  corti- 
sol) are  helpful  in  preparing  an  organism  for  stress,  when  the 
levels  are  persistently  elevated,  several  systems  begin  to  show 
pathological  changes.  Besides  having  damaging  effects  on 
immune-system  and  organ  function,  glucocorticoids  are  also 
associated  with  neuronal  atrophy  in  the  hippocampus,  lead- 
ing to  cognitive  impairment,  imbalances  in  the  serotonin  (5- 
HT)  system  correlated  with  anxiety,  and  hormonal  changes 
associated  with  depression  (McEwen  et  al.,  1994).  The  section 
on  the  neurobiological  models  of  depression  later  in  the  chap- 
ter will  provide  more  detail  on  the  role  of  glucocorticoids  in 
depression. 

Altered  biological  rhythms  Cortisol  secretion  is  not  the 
only  biological  rhythm  that  is  disturbed  in  major  depression. 
Altered  sleep  rhythms  are  among  the  most  common  and  per- 
sistent symptoms  of  depression.  Circadian  rhythm  controls 
the  onset,  pattern,  and  termination  of  sleep.  The  normal 
sleep  cycle  is  quite  regular,  having  four  stages  of  non-REM 
sleep  (stages  1 to  4)  lasting  a total  of  70  to  100  minutes  fol- 
lowed by  a 10-  to  15-minute  period  of  rapid  eye  movement 
(REM)  sleep,  during  which  time  dreaming  occurs.  This  cycle 
is  repeated  four  or  five  times  a night.  Depressed  individuals 
show  several  distinct  abnormalities  in  their  sleep  rhythm 
(Figure  16.5A).  First,  there  is  a long  period  before  sleep 
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(A)  Sleep  pattern  of  a patient  with  depression 

Sleep 


Figure  16.5  Altered  sleep  architecture  in  depression  (A)  In 

depressed  patients,  the  onset  of  sleep  is  delayed  and  REM  periods  (col- 
ored red)  get  shorter  as  the  night  goes  on  rather  than  longer,  which  is 
typical  in  healthy  adults.  Also,  notice  the  many  awakenings  that  occur 
during  the  night  due  to  the  failure  to  reach  deep  sleep  (stages  3 and 
4).  (B)  REM  episodes  begin  sooner  after  the  onset  of  sleep  in  depressed 
than  in  nondepressed  individuals. 
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onset.  Second,  there  is  a significant  decrease  in  the  time  spent 
in  slow-wave  sleep,  or  deep  sleep  (stages  3 and  4),  which 
leads  to  repeated  awakenings  during  the  night.  Third,  the 
onset  of  REM  sleep  occurs  much  earlier  after  the  onset  of 
sleep  (Figure  16.5B).  In  extreme  cases,  the  individual  may 
enter  REM  sleep  almost  immediately  after  falling  asleep. 
Fourth,  REM  sleep  is  significantly  increased  during  the  first 
one  third  of  the  night  in  depressed  individuals,  while  non- 
depressed  individuals  have  proportionately  more  REM  sleep 
in  the  final  one  third  of  sleep.  Also,  while  normal  REM  peri- 
ods tend  to  increase  in  duration  during  the  night,  depressed 
patients  do  not  show  such  a pattern.  Finally,  when  ocular 
movement  is  measured,  depressed  individuals  show  more 
frequent  and  vigorous  eye  movements  during  REM  sleep, 
which  suggests  more-intense  dreaming. 

Although  we  don’t  know  what  the  altered  rhythms  mean, 
the  irregularities  in  sleep  patterns  found  in  depressed  indi- 
viduals resemble  the  sleep  patterns  of  normal  individuals 
who  must  alter  their  time  of  sleep  by  12  hours.  Since  other 
indicators  of  biological  rhythms,  such  as  body  temperature 
fluctuation  and  hormonal  secretion  (e.g.,  cortisol),  are  often 
also  altered,  one  might  consider  the  possibility  that  the  bio- 
logical clocks  of  people  with  depression  are  “phase-shifted.” 
In  some  individuals,  the  three  rhythms  are  out  of  harmony 
(called  desynchronization)  or  are  mismatched.  The  implica- 
tions of  these  irregularities  have  led  to  several  novel  treat- 
ment strategies,  described  in  Box  16.2. 


almost  universal  ability  of  clinically  useful  antidepressants  to 
antagonize  the  effects  of  reserpine.  The  model  is  limited  in 
that  it  is  dependent  on  monoamine  neurochemistry  and 
does  not  identify  novel  approaches  to  therapeutics. 

A more  complex  measure,  called  the  behavioral  despair, 
or  forced  swim  test,  requires  rats  or  mice  to  swim  in  a cylin- 
der from  which  there  is  no  escape.  After  early  attempts  to 
escape  are  unsuccessful,  the  animals  assume  an  immobile 
posture  except  for  the  minimal  movements  needed  to  keep 
their  heads  above  water  (Figure  16.6).  The  model  is  based  on 
the  idea  that  the  immobility  reflects  a lowered  mood  in 
which  the  animals  are  resigned  to  their  fate  and  have  given 
up  hope.  Effective  antidepressants  reduce  the  time  spent  in 
this  “freezing”  phase  of  immobility  relative  to  untreated  con- 
trol animals.  This  test  has  similarities  to  the  learned  help- 
lessness test  described  in  Chapter  4 (see  Figure  4.25).  You 
will  recall  that  the  subjects  are  initially  exposed  to  aversive 
events  over  which  they  have  no  control.  When  the  subjects 
are  placed  in  a new  situation  in  which  a response  could  alter 
an  aversive  event,  they  fail  to  make  the  appropriate  response. 
The  animal  behavior  resembles  clinical  depression  in  that 
depressed  humans  frequently  fail  to  respond  to  environmen- 
tal changes  and  express  feelings  of  hopelessness  and  the  belief 
that  nothing  they  do  has  an  effect. 

In  order  to  evaluate  the  importance  of  stress  as  a vulnera- 
bility factor  in  the  development  of  depression,  maternal  sep- 
aration can  be  used.  Stress  is  induced  by  separating  young 


Animal  Models  of  Depression 


Animal  models  are  used  to  study  the  neurobiology  of  depres- 
sion and  to  evaluate  the  mechanism  of  antidepressant  drugs, 
as  well  as  to  screen  new  drugs  for  effectiveness.  Although  the 
affective  symptoms  of  depression,  such  as  the  feelings  of 
worthlessness  and  guilt,  can  really  be  described  only  in 
human  terms,  several  animal  models  have  provided  impor- 
tant tools  to  evaluate  drugs  and  neurochemistry.  There  is  no 
available  model  that  mimics  all  the  symptoms  of  depression; 
instead  they  consider  specific  aspects  of  the  disorder  such  as 
reductions  in  psychomotor  activity,  neuroendocrine 
responses,  cognitive  changes,  or  such  functions  as  eating  and 
sleeping.  Therefore,  their  usefulness  in  evaluating  the  com- 
plex etiology  of  depression  is  limited. 

One  of  the  oldest  methods  used  to  identify  clinically  use- 
ful antidepressants  is  the  antagonism  or  reversal  of  reser- 
pine-induced  sedation.  In  terms  of  face  validity,  psychomo- 
tor slowing  seems  to  be  most  similar  to  human  depression, 
although  other  reserpine- induced  effects  can  be  used  as  read- 
ily. For  example,  reserpine-induced  ptosis  (drooping  eyelids) 
and  hypersecretion  of  tears  and  saliva  also  provide  ready 
measures  and  are  frequently  used  in  animal  research.  The 
validity  of  the  model  has  been  further  demonstrated  by  the 


Figure  1 6.6  Forced  swim  test  After  initial  attempts  to 
escape,  the  rat  in  the  water-filled  cylinder  is  shown  in  a posture 
reflecting  a sense  of  futility.  Antidepressant  drugs  reduce  the 
amount  of  time  spent  in  the  immobile  posture.  (Courtesy  of  Por- 
soltand  Partners  Pharmacology.) 
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BOX  1 6.2 


Clinical  Applications 


Sleep  Deprivation 
Therapy 


For  those  of  us  who  chronically  seem 
to  work  and  play  too  hard  and 
deprive  ourselves  of  sleep,  it  may  be 
difficult  to  believe  that  sleep  depriva- 
tion can  have  benefits.  But  according 
to  a summary  of  results  compiled 
from  61  studies  completed  over  20 
years,  involving  more  than  1 700  indi- 
viduals with  depression,  total  sleep 
deprivation  significantly  reduced 
depressive  symptoms  in  59%  of  the 
patients  (Wu  and  Bunney,  1 990).  Fig- 
ure A shows  a typical  profile  of  symp- 
toms before  and  after  total  sleep  dep- 
rivation. It  may  be  worth  noting  that 
the  patients  who  responded  to  sleep 
deprivation  were  those  who  did  not 
show  the  normal  hormonal  response 
to  dexamethasone.  Perhaps  this  find- 
ing indicates  that  a subset  of 
depressed  individuals  have  an  under- 
lying neurohormonal  dysfunction. 
Unfortunately,  the  depressive  symp- 
toms returned  following  a single 
night  of  sleep  (Figure  B). 

A more  practical  approach  uses 
partial  sleep  deprivation,  especially 
effective  during  the  second  half  of  the 
night,  or  sleep  phase  shifting.  Experi- 
mental data  suggest  that  changing 
the  sleep-waking  cycle  (e.g.,  sleep 
onset  at  5 p.m.  and  waking  at  2 a.m.) 
reduces  depressive  symptoms,  per- 
haps by  resetting  the  normal  phase 
relationship  between  the  sleep-wak- 
ing cycle  and  the  other  rhythms.  An 
additional  benefit  is  that  when  classic 
antidepressant  medication  is  used 
along  with  partial  sleep  deprivation, 
depressed  patients  respond  more 
quickly  than  they  do  using  the  antide- 
pressant drugs  alone  or  using  partial 
sleep  deprivation  alone. 


(A)  Therapeutic  effect  of  sleep  deprivation  The  effect  of  sleep  deprivation  on  a pro- 
file of  symptoms  in  patients  with  unipolar  depression. The  difference  between  the  two 
curves  represents  changes  in  symptom  severity  before  (the  upper  profile  line)  and  after 
(the  lower  profile  line)  24  hours  of  sleep  deprivation.  (After  Pflug,  1 988.) 


Night  of  sleep 
deprivation 


Recovery 
night  sleep 


Clock  time  (h) 

(B)  Effects  of  sleep  deprivation  on  mood  rating  for  two  groups  of  patients 

Notice  that  individuals  who  respond  to  sleep  deprivation  with  reduced  depression  rat- 
ing scores  (responders)  return  to  their  previous  condition  after  one  night  of  sleep.  (After 
Wu  and  Bunney,  1 9 90.) 


394  Chapter  16 


animals  (usually  rats)  from  their  mothers  for  brief  periods 
daily  during  the  first  few  weeks  of  life.  Early  stress  provides 
the  opportunity  to  evaluate  long-term  behavioral  and  neu- 
roendocrine abnormalties  in  the  animals  as  adults.  Nemeroff 
(1998)  used  this  model  to  evaluate  the  hypothesis  that  abuse 
or  neglect  early  in  life  activates  the  stress  response  at  the 
time,  but  also  produces  long-term  changes  in  CRF  function 
that  may  predispose  the  individual  to  clinical  depression  later 
in  life  (discussed  in  Box  16.3). 


Therapies  for  Affective  Disorders 

There  are  three  major  classes  of  antidepressants  that  prove 
highly  effective  in  reducing  symptoms  of  mood  disorders 
(Table  16.2).  They  are  the  monoamine  oxidase  inhibitors,  the 
tricyclic  antidepressants,  and  the  second-generation  antide- 
pressants, which  include  the  selective  serotonin  reuptake 
blockers.  In  addition,  there  are  several  atypical  antidepres- 
sants as  well  as  electroconvulsive  therapy  and  transcranial 


magnetic  stimulation.  Lithium  therapy  will  be  considered 
separately  because  of  its  primary  importance  in  treating 
bipolar  disorder. 

Having  a variety  of  antidepressant  drugs  available  means 
that  a majority  of  clinically  depressed  individuals  can  find  sig- 
nificant relief.  However,  double-blind,  placebo-controlled  tri- 
als of  antidepressants  show  that  no  one  specific  drug  or  drug 
type  is  more  effective  than  any  other,  and  there  is  no  way  to 
predict  which  patient  will  respond  to  a particular  drug.  Each 
drug  is  effective  in  about  two  thirds  of  cases  of  clinical  depres- 
sion. The  different  pharmacological  characteristics  of  the 
agents  mean  that  they  will  reduce  different  symptoms  and 
also  produce  distinct  but  characteristic  side  effects.  Each 
patient  must  usually  undergo  trials  to  find  an  antidepressant 
that  optimally  balances  effectiveness  and  side  effects. 

Every  one  of  the  treatment  methods  currently  available 
requires  chronic  administration,  suggesting  that  although  we 
understand  how  each  works  acutely  at  the  synapse,  the  clini- 
cal effect  must  depend  on  compensatory  changes  in  function 
that  require  time  to  develop.  Although  significant  changes  in 


BOX  16.3 


Pharmacology  in  Action 


Stress-Diathesis 

Model  of  Depression 


Nemeroff  (1998)  and  colleagues  devel- 
oped a model  of  mood  disorders 
called  the  stress-diathesis  model  of 
depression,  which  refers  to  the  interac- 
tion between  early  experience  (stress- 
es such  as  abuse  or  neglect)  and 
genetic  predisposition  (diathesis).  In 
essence  they  propose  that  the  genetic 
character  of  depression  is  expressed  in 
lowered  monoamine  levels  in  the 
brain  or  in  increased  reactivity  of  the 
HPA  axis  to  stress. These  factors  create 
a lower  threshold  for  depression.  In 
addition,  they  believe  that  negative, 
stressful  events  early  in  life  may  lower 
the  threshold  even  further,  leaving  the 
individual  more  vulnerable  to  depres- 
sion as  an  adult.To  test  the  model  one 
would  have  to  show  that  early  stress 
not  only  produces  immediate  activity 
of  the  HPA  axis  but  also  causes  a per- 
sistent activation  of  CRF-containing 
neurons.  If  such  were  the  case,  then 


these  individuals  would  respond  more 
strongly  to  stress  as  adults  than  con- 
trol subjects. 

The  design  to  test  the  model  used 
newborn  rats  that  were  stressed  by 
being  removed  from  their  mothers  for 
brief  periods  daily  for  1 0 days  of  their 
first  21  daysof  life.They  were  then 
allowed  to  grow  up  under  standard 
conditions.The  results  showed  that  as 
adults  the  deprived  rats  had  elevations 
in  stress-induced  ACTH  and  cortisol 
and  increased  CRF  in  the  brain.  A per- 
manent increase  in  CRF  gene  expres- 
sion explains  the  increase  in  CRF  pro- 
duction. Despite  the  higher  levels  of 
CRF,  the  studies  also  found  increased 
CRF  receptor  density,  which  might  be 
expected  to  produce  long-term 
enhancement  of  stress  and  CRF- 
induced  depression.  More  recently, 
other  researchers  in  the  same  group 
observed  that  antidepressant  drug 
treatment  prevented  the  increase  in 
CRF  and  reduced  the  fearful  behaviors 
(for  example, freezing  in  novel  situa- 
tions) normally  exhibited  by  the  rats. 
When  treatment  was  terminated,  all  the 


abnormalities  returned.  How  the  block- 
ing of  5-HT  reuptake  modifies  the  CRF 
axis  is  not  immediately  evident  but  is 
certainly  the  focus  of  future  research. 

The  implications  of  this  type  of 
research  are  very  clear.  Several  million 
children  are  abused  or  neglected  in 
the  United  States  each  year.  Based  on 
the  animal  evidence,  we  would  expect 
these  children  to  be  exposed  to 
events  that  permanently  modify  their 
developing  brains,  leaving  them  more 
vulnerable  to  stress  and  depression  as 
adults. 

The  research  also  suggests  a new 
direction  for  antidepressant  drug 
development  and  therapeutic  regi- 
mens.The  reemergence  of  biological 
abnormalities  after  termination  of 
drug  treatment  suggests  that  treat- 
ment may  need  to  be  continued  indef- 
initely to  prevent  the  recurrence  of 
depressive  episodes.  Also,  the  poten- 
tial to  develop  a new  class  of  antide- 
pressants that  block  CRF  receptors 
could  lead  to  a new  therapeutic 
approach  to  the  treatment  of  at  least 
some  cases  of  depression. 
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TABLE  1 6.2  Major  Classes  of  Antidepressants  and  Their  Most  Notable  Side  Effects 


Class 

Antidepressants 

Side  effects 

Monoamine  oxidase 
inhibitors 

Phenelzine  (Nardil) 
Tranylcypromine  (Parnate) 
Isocarboxazid  (Marplan) 

Insomnia,  weight  gain,  hypertension, 
drug  interactions,  tyramine  effect 

Classic  tricyclics 

Imipramine  (Tofranil) 
Amitriptyline  (Elavil) 
Desipramine  (Norpramine) 

Sedation,  anticholinergic  effects, 
cardiovascular  toxicity 

Second-generation: 

Selective  serotonin 
reuptake  inhibitors 

Fluoxetine  (Prozac) 
Sertraline  (Zoloft) 
Paroxetine  (Paxil) 

Insomnia,  gastrointestinal  disturbances, 
sexual  dysfunction,  serotonin  syndrome 

Atypical  antidepressants 

Maprotiline  (Ludiomil) 
Bupropion  (Wellbutrin) 
Mirtazapine  (Remeron) 

Varies  with  individual  mechanism 
of  action 

Electroconvulsive  shock 
and  transcranial 
magnetic  stimulation 

Memory  impairment,  confusion,  amnesia 

symptoms  can  occur  during  the  first  1 to  3 weeks  of  drug 
treatment,  maximum  effectiveness  may  not  be  achieved  until 
after  4 to  6 weeks  of  therapy.  This  time  lag  is  especially  worri- 
some in  patients  who  are  severely  depressed  and  suicidal. 
Some  symptoms,  including  irregularities  in  sleep  and 
appetite,  are  the  first  signs  that  show  improvement,  followed 
over  the  next  few  weeks  by  mood  enhancement.  Several  long- 
term studies  from  the  National  Institute  of  Mental  Health 
suggest  a period  of  maintenance  drug  treatment  for  at  least  6 
to  8 months  after  symptoms  are  reduced.  Because  mainte- 
nance therapy  significantly  reduces  the  probability  of  relapse, 
treatment  is  extended  indefinitely  for  some  individuals. 

Although  we  are  treating  antidepressant  drugs  and  drugs 
used  for  anxiety  (Chapter  17)  as  separate  entities,  we  would 
like  to  make  it  clear  that  the  distinction  is  often  more  seman- 
tic than  real.  As  we  noted  earlier,  stress  and  anxiety  are  com- 
ponents of  affective  disorders,  and  the  trend  in  drug  treat- 
ment further  blurs  the  distinction.  Antidepressant  drugs 
reduce  the  anxiety  that  accompanies  depression,  and  they  are 
increasingly  being  used  to  treat  anxiety  disorders  unrelated 
to  depression. 

Monoamine  oxidase  inhibitors  are  the  oldest 
antidepressant  drugs 

The  first  true  antidepressant  action  was  discovered  quite  by 
accident  due  to  a lucky  clinical  observation.  The  drug  ipro- 
niazid was  used  in  the  early  1950s  to  treat  tuberculosis  but 
had  significant  mood-elevating  effects  unrelated  to  its  effects 
on  the  disease.  Following  that  observation,  iproniazid  was 
found  to  inhibit  monoamine  oxidase  (MAO).  Although  met 
with  enthusiasm  following  their  early  introduction  as  anti- 
depressants, the  MAO  inhibitors  (MAO-Is)  fell  into  disfavor 


because  of  their  reputation  for  having  severe  and  dangerous 
side  effects  (see  below).  However,  over  the  years  it  has 
become  apparent  that,  with  appropriate  dietary  restrictions, 
MAO-Is  can  be  used  safely  and  often  work  well  for  patients 
who  are  treatment-resistant  (those  who  do  not  respond  to 
other  drugs)  and  who  reject  the  idea  of  electroconvulsive 
therapy.  In  addition  to  their  use  in  affective  disorders,  MAO- 
Is  are  also  used  in  the  treatment  of  several  anxiety  states  and 
have  positive  effects  on  the  eating  behavior  and  mood  of 
patients  with  bulimia  and  anorexia  nervosa.  The  currently 
available  MAO-Is  include  phenelzine  (Nardil),  tranyl- 
cypromine (Parnate),  and  isocarboxazid  (Marplan). 

Mechanism  of  action  You  will  recall  from  Chapter  5 that 
MAO  is  an  enzyme  found  inside  the  cells  of  many  tissues, 
including  neurons.  The  normal  function  of  the  enzyme  is  to 
metabolize  the  monoamine  neurotransmitters  in  the  presy- 
naptic  terminals  that  are  not  contained  in  protective  synaptic 
vesicles.  The  inhibition  of  MAO  increases  the  amount  of 
neurotransmitter  available  for  release.  A single  dose  of  a 
MAO-I  increases  norepinephrine  (NE),  dopamine  (DA),  and 
5-HT  and  thus  increases  the  action  of  the  transmitters  at 
their  receptors.  It  was  initially  assumed  that  the  enhanced 
neurotransmitter  function  was  responsible  for  the  antide- 
pressant action;  however,  those  biochemical  changes  occur 
within  hours,  while  the  antidepressant  effects  require  weeks 
of  chronic  treatment.  It  is  now  apparent  that  neuron  adap- 
tation involving  change  in  receptor  density  or  second-mes- 
senger function  must  play  an  important  part  in  these  drug 
effects  (Figure  16.7A-C). 

Side  effects  The  more  common  side  effects  of  MAO-Is 
include  changes  in  blood  pressure,  sleep  disturbances 
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Figure  1 6.7  Acute  and  long-term  effects  of  MAO-ls  on 
synaptic  function  (A)  Presynaptic  MAO  degrades  neurotrans- 
mitter molecules  that  are  not  in  vesicles  to  keep  amines  abnor- 
mal" levels.  (B)  MAO-ls  inhibit  the  enzyme,  causing  an  elevation 
in  available  neurotransmitter  for  release,  resulting  in  increased 
action  at  receptors.  (C)  After  1 0 days  to  2 weeks  of  antidepres- 


sant treatment,  the  amount  of  neurotransmitter  in  the  synapse  is 
still  elevated  over  control  conditions,  but  neural  adaptation  has 
occurred:  down-regulation  of  amine  receptors  and  up-regula- 
tion of  the  cyclic  adenosine  monophosphate  (cAMP)  second- 
messenger  system.  Other  antidepressant  drugs  produce  similar 
adaptive  changes  in  neurons. 


including  insomnia,  and  overeating,  especially  of  carbohy- 
drates, which  may  lead  to  excessive  weight  gain.  In  addition 
to  these  side  effects,  there  are  three  other  types  of  side  effects 
that  are  significantly  more  danger- 
ous. First,  because  inhibition  of 
MAO  elevates  NE  levels  in  peripher- 
al nerves  of  the  sympathetic  branch 
of  the  autonomic  nervous  system  as 
well  as  in  the  CNS,  any  prescription 
or  over-the-counter  drug  that 
enhances  NE  function  will  have  a 
much  greater  effect  than  normal. 

For  example,  nasal  sprays,  cold 
medications,  antiasthma  drugs, 
amphetamine,  and  cocaine  will  all 
have  greater-than-expected  effects 
and  produce  elevated  blood  pres- 
sure, sweating,  and  increased  body 
temperature.  Second,  some  serious 
side  effects  are  due  to  the  inhibition 
of  MAO  in  the  liver  as  well  as  in  the 
brain.  The  MAO  in  the  liver  is 
responsible  for  deaminating  tyra- 
mine,  which  is  a naturally  occurring 


amine  formed  as  a by-product  of  fermentation  in  many 
foods,  including  cheeses,  certain  meats,  pickled  products, 
and  other  food.  These  foods  must  be  avoided  by  individu- 


TABLE  1 6.3  Dietary  Restrictions  for  Patients  Taking  MAO-ls 


Food  group 

Examples 

Dairy 

Unpasteurized  milk  and  yogurt;  aged  cheese;  other  cheeses 
including  blue,  Boursault,  brick,  Brie,  Camembert, 
cheddar,  Colby,  Emmenthaler,  Gouda,  Gruyere, 
mozzarella,  Parmesan,  provolone,  Romano,  Roquefort, 
and  Stilton 

Meat  and  meat  alternatives 

Aged  game;  liver;  canned  meats;  yeast  extracts;  salami; 
dry  sausage;  salted,  dried,  smoked,  or  pickled  fish  such  as 
herring,  cod,  and  caviar;  peanuts 

Breads,  cereals,  and  grains 

Homemade  yeast  breads  with  substantial  quantities  of 
yeast;  bread  or  crackers  containing  cheese 

Vegetables  and  fruits 

Italian  broad  beans,  sauerkraut,  bananas,  red  plums, 
avocados,  raspberries 

Miscellaneous 

Alcoholic  beverages  including  red  and  white  table  wines, 
ale,  beer,  champagne,  sherry,  and  vermouth;  yeast 
concentrates,  soup  cubes,  commercial  gravies,  or  meat 
extracts;  soups  containing  items  that  must  be  avoided; 
soy  sauce;  soy  bean  curd  (hoison) 
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als  using  MAO-Is  (Table  16.3).  Elevated 
tyramine  levels  release  the  higher-than-nor- 
mal  stores  of  NE  at  nerve  endings,  causing  a 
dramatic  increase  in  blood  pressure.  Blood 
pressure  may  reach  critical  levels  and  is 
accompanied  by  headache,  sweating,  nau- 
sea, vomiting,  and  sometimes  stroke.  Third, 
MAO-Is  also  inhibit  other  liver  enzymes 
such  as  the  cytochrome  P450  enzymes  (see 
Chapter  1),  which  normally  degrade  such 
drugs  as  barbiturates,  alcohol,  opiates, 
aspirin,  and  many  .others.  The  effects  of 
these  drugs  are  prolonged  and  intensified  in 
the  presence  of  MAO-Is. 


Tricyclic  antidepressants  are 
highly  effective 

This  class  of  antidepressant  is  named  for  its 
characteristic  three-ring  structure  (Figure 
16.8),  which  is  closely  related  to  that  of  the  antipsychotic 
drugs  in  the  phenothiazine  class  (see  Chapter  17).  Although 
the  prototypical  tricyclic  antidepressant  (TCA)  imipramine 
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Figure  1 6.9  Relative  specificity  of  several  antidepres- 
sant drugs  that  depend  on  reuptake  blockade  to 
enhance  monoamine  action  Those  in  blue  are  relatively  spe- 
cific for  blocking  5-HT  reuptake  and  belong  to  the  class  called 
selective  serotonin  reuptake  inhibitors.Those  in  red,  such  as 
maprotiline,are  rather  specific  norepinephrine  reuptake  block- 
ers. Drugs  such  as  imipramine,  amitriptyline,  and  clomipramine 
block  reuptake  of  both  monoamines  but  show  a slight  prefer- 
ence for  one  or  the  other. 


CHCH2CH2N(CH3)2 

Amitriptyline 


CH2CH2CH2N(CH3)2 

Imipramine 


CH2CH2CH2NHCH3 

Desipramine 


CHCH2CH2NHCH3 

Nortriptyline 


Trimipramine 


Protriptyline 


Figure  1 6.8  Tricyclic  antidepressants  are  named  for  their 
characteristic  three-ring  structure. 


(Tofranil)  failed  its  original  test  for  antipsychotic  effects,  it 
did  appear  to  have  mood-elevating  actions.  Many  other  tri- 
cyclics were  subsequently  developed. 

Mechanism  of  action  The  drugs  in  this  class  act  by  bind- 
ing to  the  presynaptic  transporter  proteins  and  inhibiting 
reuptake  of  neurotransmitters  into  the  presynaptic  terminal. 
Inhibition  of  reuptake  prolongs  the  duration  of  transmitter 
action  at  the  synapse,  ultimately  producing  changes  in  both 
pre-  and  postsynaptic  receptors.  Although  many  of  the  drugs 
in  this  class  are  equally  effective  in  inhibiting  the  reuptake  of 
NE  and  5-HT,  some  are  more  effective  on  one  transmitter 
than  the  other.  Although  this  difference  does  not  change 
their  antidepressant  action,  it  does  determine  the  drugs’  side 
effects.  Figure  16.9  provides  a visual  representation  of  the 
relative  NE  and  5-HT  reuptake-blocking  potencies  of  sever- 
al TCAs  and  some  second-generation  antidepressants  as 
well.  As  was  true  for  the  MAOIs,  the  immediate  increase  in 
NE  and  5-HT  function  is  not  correlated  to  clinical  effective- 
ness, which  takes  several  weeks.  Clearly,  an  acute  increase  in 
synaptic  activity  is  only  the  first  step  in  antidepressant 
action;  neuronal  adaptation,  occurring  over  a period  of  time, 
also  plays  an  important  role  (see  Figure  16.7).  In  addition  to 
reuptake  blockade,  most  of  the  TCAs  also  block  acetyl- 
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choline,  histamine,  and  a-adrenergic  receptors,  which  con- 
tribute to  their  side  effects. 

Side  effects  Although  we  assume  that  TCA  action  is  due 
to  enhancement  of  monoamine  activity  followed  by  com- 
pensatory changes  in  the  transmitter  systems,  the  receptor- 
blocking activity  contributes  to  side  effects.  Histamine  recep- 
tor blockade  is  responsible  for  the  sedation  and  fatigue  that 
are  frequent  side  effects  that  limit  the  drugs’  usefulness  in 
individuals  who  must  remain  alert.  On  the  other  hand,  for 
patients  who  experience  agitation,  the  sedative  effects  may 
be  welcome.  Anticholinergic  side  effects  are  troublesome  for 
others  and  include  dry  mouth,  constipation,  urinary  reten- 
tion, dizziness,  confusion,  impaired  memory,  and  blurred 
vision.  The  a1 -blockade  in  combination  with  the  NE  reup- 
take-blocking effects  lead  to  several  potentially  dangerous 
cardiovascular  side  effects,  including  orthostatic  hypoten- 
sion, tachycardia,  and  arrhythmias.  This  particular  set  of  side 
effects  makes  it  especially  difficult  to  treat  depression  in  eld- 
erly patients  with  known  cardiac  disorders. 

In  addition,  toxicity  following  overdose  causes  cardiovas- 
cular depression,  delirium,  convulsions,  respiratory  depres- 
sion, and  coma.  Heart  arrhythmias  may  produce  cardiac  arrest 
and  fatalities.  Since  the  fatalities  associated  with  TCA  treat- 
ment occur  at  approximately  10  times  the  normal  dose,  these 
drugs  have  a relatively  low  therapeutic  index  (TD50/ED50), 
particularly  when  used  by  patients  demonstrating  suicidal  ten- 
dencies. 

Second-generation  antidepressants 
have  different  side  effects 

In  an  attempt  to  offer  drugs  with  fewer  side  effects  and  more 
rapid  onset  of  action,  a host  of  new  antidepressants  have  been 
developed.  In  general,  they  are  designed  to  be  more  selective 
in  their  action  with  the  hopes  of  eliminating  the  anticholin- 
ergic and  cardiovascular  effects  produced  by  the  older  drugs 
while  still  elevating  levels  of  NE  and/or  5-HT  to  provide  anti- 
depressant action.  None  are  more  effective,  however,  nor  do 
they  have  a more  rapid  onset.  The  most  significant  difference 
is  in  the  nature  of  their  side  effects,  which  are  related  to  their 
neurochemical  mechanisms  of  action.  Many  are  considered 
safer  than  the  older  drugs  if  taken  as  an  overdose. 

The  selective  serotonin  reuptake  inhibitors  (SSRIs) 
deserve  special  mention  because  they  are  often  the  first  choice 
among  antidepressants  because  of  their  greater  relative  safety. 
In  addition  to  major  depression,  the  drugs  are  also  used  to 
treat  several  distinct  disorders:  panic  and  anxiety  disorders, 
obsessive-compulsive  disorder,  obesity,  and  alcoholism. 

Mechanism  of  action  Drugs  in  this  class,  which  include 
fluoxetine  (Prozac),  sertraline  (Zoloft),  and  paroxetine 
(Paxil),  are  more  selective  than  TCAs  in  enhancing  serotonin 


function  because  they  block  the  presynaptic  reuptake  trans- 
porter for  5-HT  to  a greater  extent  than  the  noradrenergic 
transporter.  As  is  true  for  all  of  the  antidepressants  discussed, 
we  assume  that  the  antidepressant  action  requires  compen- 
satory changes  in  neurons  that  occur  over  several  weeks. 

Side  effects  The  side  effects  of  the  SSRIs  are  different  from 
the  TCAs  because  the  drugs  do  not  alter  NE,  histamine,  or 
acetylcholine.  Hence,  the  frequent  TCA-induced  side  effects 
of  sedation,  cardiovascular  toxicity,  and  anticholinergic  effects 
are  absent.  Nevertheless,  SSRIs  produce  a different  pattern  of 
side  effects  because  they  enhance  5-HT  function  at  all  sero- 
tonergic receptors.  While  the  antidepressant  action  may  be 
related  to  increased  5-HT  function  at  serotonergic  receptors, 
increased  5-HT  activity  at  other  receptors  causes  side  effects: 
anxiety,  restlessness,  movement  disorders,  muscle  rigidity, 
nausea,  headache,  insomnia,  and  sexual  dysfunction.  The  sex- 
ual dysfunction,  which  occurs  in  40  to  70%  of  patients,  is  a 
frequent  reason  for  terminating  therapy,  particularly  among 
young,  male  patients. 

Although  the  SSRIs  are  generally  safer  than  the  older 
drugs,  they  have  potentially  life-threatening  effects  when 
combined  with  other  serotonergic  agonists  or  with  drugs 
that  interfere  with  the  normal  metabolism  of  the  SSRIs. 
These  effects,  referred  to  as  the  serotonin  syndrome,  are 
characterized  by  severe  agitation,  disorientation  and  confu- 
sion, ataxia,  muscle  spasms,  and  exaggerated  autonomic 
nervous  system  functions  including  fever,  shivering,  chills, 
diarrhea,  elevated  blood  pressure,  and  increased  heart  rate 
(Lane  and  Baldwin,  1997). 

One  other  distinctive  characteristic  of  the  SSRIs  com- 
pared with  the  older  antidepressants  is  their  ability  to  cause 
physical  dependence.  As  many  as  60%  of  patients  suffer 
withdrawal  effects  following  drug  termination  (Zajecka  et  al., 
1997).  The  withdrawal  symptoms,  which  can  last  for  several 
weeks,  include  dizziness  and  ataxia,  nausea,  vomiting  and 
diarrhea,  fatigue,  chills,  sensory  disturbances,  insomnia,  vivid 
dreams  and  increased  anxiety,  agitation,  and  irritability. 
Although  the  SSRIs  avoid  many  of  the  dangerous  side  effects 
of  the  older  drugs,  caution  in  their  use  is  still  warranted. 

Although  the  SSRIs  are  second  generation  antidepressants, 
some  of  the  newest  antidepressants  are  once  again  dual  NE/5- 
HT  modulators.  Mirtazapine  (Remeron),  a drug  approved  by 
the  U.S.  Food  and  Drug  Administration  in  1997,  was  devel- 
oped with  two  concepts  in  mind.  First,  the  most  current  think- 
ing suggests  that  enhancing  both  NE  and  5-HT  function  is 
more  beneficial  than  acting  on  a single  monoamine.  Second, 
in  order  to  reduce  side  effects,  the  drug  specifically  blocks 
selected  receptors.  Early  trials  showed  clear  clinical  benefits  in 
a broad  range  of  patients  when  compared  with  placebo  and 
equal  effectiveness  compared  with  the  TCA  amitriptyline,  but 
with  fewer  (65%)  adverse  side  effects  compared  with  placebo 
(70%)  or  amitriptyline  (87%).  As  a representative  of  the 
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newest  dual-action  drugs,  mirtazapine  offers  the  promise  of 
clinical  efficacy  with  limited  side  effects  (Pinder,  1997). 

Third-generation  antidepressants  have 
distinctive  mechanisms  of  action 

Third-generation  antidepressants  are  currently  in  the  devel- 
opment and  testing  stage.  The  goals  for  the  newest  drugs  will 
be  to  continue  to  minimize  side  effects  and  toxicity  as  well  as 
speed  up  the  onset  of  effectiveness.  Despite  our  best  attempts, 
it  is  evident  that  neuropharmacology  is  still  unsure  about  the 
cellular  changes  that  .produce  effective  antidepressant  action, 
but  it  is  clear  that  a series  of  molecular  changes  underlie  the 
therapies.  The  two  newest  approaches,  CRF  receptor  antago- 
nism and  enhancement  of  the  cyclic  adenosine  monophos- 
phate (cAMP)  intracellular  second-messenger  system,  will  be 
discussed  later  in  the  chapter,  in  the  section  on  neurobiologi- 
cal  models  of  depression. 

Electroconvulsive  therapy  is  safe 
and  highly  effective 

In  the  early  1900s,  a Hungarian  psychiatrist  noted  that  sever- 
al of  his  patients  showed  improvement  in  their  moods  after 
having  spontaneous  seizures.  This  observation  encouraged 
others  to  induce  convulsions  in  psychiatric  patients  by 
administering  camphor  and  oil  or  insulin.  Such  treatment 
was  the  predecessor  of  electroconvulsive  therapy  (ECT), 
which  was  introduced  in  1938  and  is  used  today  to  treat 
affective  disorders,  both  clinical  depression  and  bipolar  dis- 
order. Generally,  ECT  is  used  on  the  depressed  patient  who  is 
unresponsive  to  pharmacotherapy.  The  effectiveness  of  ECT 
(80  to  90%)  is  higher  than  that  of  more  conventional  treat- 
ments, but  because  its  administration  is  technically  more  dif- 
ficult and  expensive,  its  use  is  limited  to  the  most  resistant 
cases.  In  addition,  although  it  produces  no  pain  or  awareness 
of  the  seizure  and  has  a low  incidence  of  side  effects,  public 
concern  has  limited  its  use  (Fink,  1987). 

Although  there  are  a variety  of  methods  to  produce  seizures, 
using  either  electricity  or  drugs,  ECT  is  used  most  often 
because  it  is  more  reliable  and  does  not  cause  the  fear  reaction 
of  some  drugs.  Furthermore,  ECT  is  easier  and  safer  to  admin- 
ister and  produces  the  least  discomfort  and  side  effects  because 
of  the  routine  use  of  anesthesia,  muscle  relaxation  (to  prevent 
the  convulsion),  and  oxygenation  (to  maintain  respiration).  As 
is  true  for  antidepressant  drugs,  ECT  treatment  must  be 
administered  several  times  a week  for  several  weeks  to  be  fully 
effective  (e.g.,  three  times  a week  for  3 weeks). 

Mechanism  of  action  ECT  enhances  the  function  of  sev- 
eral neurotransmitter  systems,  including  NE,  5-HT,  DA,  and 
GABA,  and  these  changes  are  probably  responsible  for  its 
antidepressant  action.  As  is  true  for  many  of  the  pharma- 


cotherapies, the  repeated  treatment  leads  to  down-regulation 
of  P2-  and  a2-adrenergic  receptors. 

Side  effects  ECT  has  a low  incidence  of  side  effects,  which 
makes  this  treatment  most  appropriate  for  those  with  cardio- 
vascular disorders,  the  elderly,  the  medically  ill,  or  pregnant 
women.  The  most  significant  side  effect  is  cognitive  impair- 
ment, taking  the  form  of  confusion  and  memory  loss.  ECT 
may  disrupt  the  ability  to  retain  new  information  (antero- 
grade amnesia)  for  several  days  or  weeks  after  treatment.  In 
addition,  significant  retrograde  amnesia  for  events  preceding 
the  treatment  may  also  occur.  Patients  may  have  difficulty 
remembering  events  that  occurred  during  the  series  of  ECT 
treatments  and  several  months  prior  to  the  treatment. 

Transcranial  magnetic  stimulation 
is  easy  to  administer 

Transcranial  magnetic  stimulation  (TMS)  is  a new  brain- 
stimulation  technique  that  has  been  recently  tested  for  anti- 
depressant effects.  The  treatment  involves  placing  a small  coil 
of  wires  on  the  scalp  and  applying  a brief  but  powerful  elec- 
tric current  that  induces  a strong,  localized  magnetic  field. 
The  magnetic  field  moves  unimpeded  through  the  skull  and 
induces  a weaker,  localized  electric  current  in  the  brain. 
Depending  on  the  stimulation  frequency,  TMS  may  either 
excite  the  brain  or  inhibit  neural  activity. 

Several  recent  clinical  trials  (Berman  et  al.,  2000;  George 
et  al.,  2000;  Grunhaus  et  al.,  2000)  evaluated  the  effects  of 
TMS,  applied  for  approximately  20  days  to  the  left  dorsolat- 
eral prefrontal  cortex,  on  symptoms  of  depression.  Overall 
results  showed  that  active  TMS  significantly  reduced  depres- 
sive symptoms  compared  with  sham  TMS  treatment.  TMS 
was  very  similar  to  ECT  in  its  ability  to  reduce  Hamilton 
Depression  Rating  Scale  scores;  however,  it  was  only  modest- 
ly effective  for  delusional  depression  and  may  not  work  with 
patients  who  are  treatment-resistant.  Nevertheless,  more- 
intense  evaluation  of  the  parameters  of  administration  may 
yield  further  improvements  in  TMS’s  efficacy  while  main- 
taining its  mild  side  effect  profile.  Additionally,  the  method  is 
non-invasive  and  almost  painless,  and  it  does  not  produce 
convulsions  or  require  anesthesia,  so  it  can  be  performed  on 
an  outpatient  basis,  unlike  ECT. 

Drugs  for  treating  bipolar  disorder 
stabilize  the  highs  and  the  lows 

For  the  majority  of  patients  with  bipolar  disorder,  lithium 
carbonate  (Carbolith,  Eskalith)  is  the  most  effective  medica- 
tion and  is  the  usual  drug  of  choice.  Although  lithium  has  no 
effect  on  mood  or  behavior  in  healthy  individuals,  J.  Cade  in 
1949  discovered  that  it  had  powerful  effects  on  patients  with 
mania.  One  to  two  weeks  of  lithium  use  eliminates  or 
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Figure  1 6.1 0 Lithium's  effectiveness  for  bipolar  disorder 

(A)  Maintenance  therapy  with  lithium  significantly  reduces  the 
occurrence  of  manic  episodes  so  that  on  the  average,  the  time 
between  manic  periods  is  9 years,  compared  with  14  months 
without  treatment.  Depressive  episodes  also  occur  less  often, 
averaging  4 years  between  episodes  with  lithium  treatment 
and  1 7 months  without.  (B)  The  time  course  and  extent  of  effec- 
tiveness of  the  newer  drug  carbamazepine  is  virtually  identical 
to  that  of  lithium  in  reducing  manic  symptoms  in  patients  with 
bipolar  disorder.  (A  after  Lickey  and  Gordon,  1 991 ; B after  Post  et 
al.,  1984.) 


reduces  symptoms  in  approximately  60  to  80%  of  manic 
episodes  without  causing  depression  or  producing  sedation. 
The  drug  is  somewhat  less  effective  in  terminating  episodes 
of  depression,  so  it  is  often  administered  along  with  a TCA 
or  other  antidepressant  drug.  Most  important  is  that  it  is 
useful  for  reducing  the  occurrence  of  future  episodes  of 
mania  and  depression.  Patients  who  continue  with  lithium 
treatment  have  an  average  hospital  stay  of  less  than  2 weeks 
per  year,  while  without  lithium  therapy  they  spend  an  aver- 
age of  8 to  13  weeks  per  year  in  the  hospital.  Figure  16.10A 
graphically  demonstrates  that  without  lithium  maintenance 
the  typical  bipolar  patient  has  an  episode  of  mania  every  14 
months  and  a period  of  depression  every  17  months  on  aver- 
age. Lithium  maintenance  reduces  the  recurrence  of  mania 
to  once  in  9 years  and  depressive  episodes  to  about  every  4 
years  (Lickey  and  Gordon,  1991). 

Treatment  of  bipolar  disorder  with  a mood  stabilizer  is  a 
lifelong  necessity  for  most  patients.  Either  abrupt  termina- 
tion or  gradual  withdrawal  of  lithium  results  in  recurring 
periods  of  mania  and  heightened  suicide  risk.  Despite  the 
risks,  many  patients  stop  taking  the  drug.  In  some  cases,  side 
effects  are  a significant  problem  for  the  patient,  especially  if 
they  involve  impaired  memory  and  confusion.  In  other  cases, 
patients  stop  taking  the  drug  because  they  fail  to  experience 
normal  mood  changes,  which  diminishes  the  richness  of  life. 
Finally,  others  object  to  the  loss  of  the  manic  phase  of  bipolar 
disorder  because  that  time  is  perceived  as  a period  of  height- 
ened creativity  and  productiveness. 

Mechanism  of  action  It  is  probably  not  surprising  to  find 
that  lithium  enhances  5-FIT  actions:  it  elevates  brain  trypto- 
phan, 5-HT,  and  5-FIIAA  (the  principal  5-HT  metabolite)  as 
well  as  increasing  5-HT  release,  which  ultimately  alters  recep- 
tor response  in  several  brain  areas.  Lithium  reduces  cate- 
cholamine activity  by  enhancing  reuptake  and  reducing 
release.  Despite  these  neurochemical  changes,  it  is  unlikely 
that  lithium  acts  on  individual  neurotransmitters  to  normal- 
ize mood  swings  of  both  mania  and  depression.  Given  that 
the  drug  flattens  the  extremes  of  emotion  in  both  directions, 
it  is  more  likely  that  it  modifies  synaptic  transmission  at 
points  beyond  the  neurotransmitter  receptors,  for  instance  on 
second-messenger  function.  Lithium  has  pronounced  effects 
on  adenylyl  cyclase,  phosphoinositide  cycling,  G protein  cou- 
pling, and  brain  neurotrophic  factors.  Its  ability  to  alter  intra- 
cellular actions  regardless  of  the  triggering  neurotransmitter 
may  explain  its  effects  in  both  mania  and  depression. 

Side  effects  Lithium  is  not  metabolized  but  is  excreted  by 
the  kidney  in  its  intact  form  at  a rate  inversely  related  to  sodi- 
um levels.  Sodium  depletion  due  to  extreme  sweating,  diar- 
rhea, vomiting,  dehydration,  use  of  diuretic  medication,  or 
adherence  to  severely  salt-restricted  diets  may  lead  to  poten- 
tially toxic  levels  of  lithium.  The  effective  therapeutic  range 
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of  lithium  concentration  in  the  blood  is  0.7  to  1.2  mM.  Since 
toxic  effects  begin  to  occur  at  blood  levels  of  2.0  mM,  the 
therapeutic  index  is  very  low,  and  a patients  blood  level  of 
lithium  must  be  monitored  on  a regular  basis.  Side  effects  are 
generally  quite  mild  at  therapeutic  doses  but  may  include 
increased  thirst  and  urination,  impaired  concentration  and 
memory,  fatigue,  tremor,  and  weight  gain.  Toxic  effects  are 
more  severe  and  include  cramps,  vomiting,  diarrhea,  kidney 
dysfunction,  coarse  tremor,  confusion,  and  irritability.  Lev- 
els of  lithium  above  3.0  mM  may  lead  to  seizures,  coma,  and 
death  (Calabrese  et  al.,  1995). 

Other  therapies  for  bipolar  disorder  Because  of  lithiums 
potential  for  toxicity,  alternative  therapies  have  been  devel- 
oped. Of  the  alternatives,  the  anticonvulsant  drugs  carba- 
mazepine  (Tegretol)  (Figure  16.10B)  and  valproate  (Depak- 
ene) are  the  most  common;  however,  several  newer  drugs 
such  as  topiramate  (Topamax)  and  tiagabine  (Gabitril)  are 
similarly  effective  when  compared  with  lithium  but  have  a 
different  toxicity  profile.  Further  discussion  of  these  drugs  is 
beyond  the  scope  of  this  text  and  is  left  to  others  (Calabrese 
et  al.,  1995;  Guay,  1995). 

Section  Summary 

Affective  disorders  constitute  clinical  depression  and  bipolar 
disorder,  also  called  manic-depressive  disorder.  In  both  cases 
the  symptoms  occur  in  discrete  episodes  that  recur  through- 
out life.  Family  studies,  adoption  studies,  and  twin  studies 
demonstrate  the  importance  of  genetics  to  both  disorders 
but  particularly  to  manic-depressive  disorder.  Nevertheless, 
environmental  factors  such  as  stress  contribute  to  the  onset 
and  course  of  the  psychopathology. 

Significant  abnormalities  in  biological  rhythms  are  asso- 
ciated with  clinical  depression.  The  most  consistent  neu- 
roendocrine abnormality  is  elevated  cortisol.  Higher  cortisol 
levels  are  reported  in  response  to  elevated  ACTH,  which  is 
under  the  control  of  hypothalamic  CRF-secreting  neurons. 
Depressed  individuals  also  fail  to  show  the  normal  rise  and 
fall  of  cortisol  secretion  that  occurs  during  the  day  in  healthy 
individuals.  Some  depressed  patients  are  also  unresponsive 
to  the  negative  feedback  normally  produced  by  high  levels  of 
cortisol  or  by  administration  of  dexamethasone. 

Depressed  individuals  also  show  distinct  circadian  irregu- 
larities in  the  sleep  cycle.  Altering  the  total  amount  of  sleep 
with  sleep  deprivation  or  by  changing  the  timing  of  the 
sleep-waking  cycle  has  significant  antidepressant  effects  for 
some  individuals. 

Animal  models  of  depression  are  useful  for  screening  new 
drug  treatments  and  also  for  studying  the  neurochemistry  of 
the  disorder.  The  three  major  classes  of  antidepressant  drugs 
are  monoamine  oxidase  inhibitors,  tricyclic  antidepressants, 


and  second-generation  antidepressants,  including  selective 
serotonin  reuptake  inhibitors  and  several  atypical  agents. 
Electroconvulsive  therapy  is  a safe  and  effective  procedure 
that  is  used  primarily  when  other  antidepressant  treatments 
are  ineffective.  Transcranial  magnetic  stimulation  is  anoth- 
er, newer  method  of  stimulating  the  CNS  that  is  currently 
being  tested. 

Each  antidepressant  drug  is  effective  in  about  two  thirds 
of  cases  and  has  a unique  combination  of  side  effects  based 
on  its  neurochemical  effects.  Although  neuropharmacolo- 
gists know  the  mechanisms  of  action  of  the  drugs,  it  is  still 
not  clear  which  of  their  neurochemical  actions  is  responsi- 
ble for  their  effectiveness  in  treating  depression.  What  we  are 
sure  about  is  that  regardless  of  the  acute  effects  on  neuro- 
transmitters, it  requires  several  weeks  of  repeated  adminis- 
tration for  the  therapeutic  effects  to  set  in.  The  time  course 
strongly  suggests  that  the  CNS  must  make  compensatory 
modifications  before  a drugs  effectiveness  can  be  realized. 
Current  research  is  investigating  second-messenger  changes 
after  chronic  treatment  and  on  neuroendocrine  response. 

Bipolar  disorder  is  most  often  treated  with  lithium,  which 
reduces  mania  and  depression  and  also  prevents  the  recur- 
rence of  mood  swings.  Lithiums  potential  for  toxicity  has  led 
to  the  testing  of  other  types  of  drugs,  including  several  that 
are  used  as  antiseizure  medications. 


Neurochemical  Basis  of  Mood  Disorders 

The  earliest  attempt  to  develop  a cohesive  theory  of  the  neu- 
rochemical basis  of  affective  disorders  was  the  monoamine 
hypothesis.  The  monoamine  hypothesis  originated  with  the 
observation  that  reserpine,  a drug  effective  in  reducing  high 
blood  pressure,  induces  depression  as  a side  effect  in  a signifi- 
cant number  of  patients.  The  drug  prevents  the  packaging  of 
neurotransmitters  into  vesicles,  leaving  the  molecules  in  the 
cytoplasm,  where  MAO  degrades  them.  In  this  way,  reserpine 
treatment  produces  empty  vesicles  and  reduces  the  levels  of 
dopamine,  norepinephrine,  and  serotonin  (all  monoamines). 
Could  it  be  that  the  reduced  level  of  monoamines  in  the  CNS 
is  responsible  for  the  depressed  mood?  This  possibility  seemed 
increasingly  likely  when  the  mechanism  of  action  of  two  types 
of  antidepressants  (MAO-Is  and  TCAs)  was  considered. 
Despite  their  varied  synaptic  action,  the  antidepressant  drugs 
acutely  increase  the  function  of  NE  or  5-HT  or  both.  In  addi- 
tion, drugs  in  both  classes  reverse  reserpine-induced  reduction 
in  motor  activity,  a classic  animal  model  for  testing  antide- 
pressant agents  that  was  described  earlier  (Figure  16.11).  The 
drug  studies  were  combined  with  the  early  data  showing 
reduced  levels  of  the  NE  metabolite  MHPG  (suggesting  low- 
ered NE  synaptic  activity)  and  reduced  5-HIAA  in  the  CSF, 
plasma,  or  urine  of  depressed  patients.  These  measures  sug- 
gest low  utilization  of  the  monoamines.  In  addition,  the 
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(1  mg/kg)  (lOmg/kg)  (10  mg/kg)  plus  plus 

iproniazid  imipramine 
(lOmg/kg)  (10  mg/kg) 

Figure  1 6.1 1 Effects  of  reserpine,  the  MAO-I  iproniazid,  and  the  TCA 
imipramine  on  rat  locomotor  activity  Reserpine  clearly  reduces  motor  activi- 
ty of  rats  compared  to  control  treatment,  while  neither  of  the  antidepressants 
has  any  effect  on  motor  activity  when  given  alone.  However,  a dramatic  increase 
in  motor  behavior  occurs  when  reserpine  is  given  in  combination  with  either  of 
the  antidepressants.The  reversal  of  reserpine-induced  depression  parallels  the 
changes  in  brain  amines  and  contributes  to  the  monoamine  hypothesis  of  affec- 
tive disorders.  (From  Snyder,  1996.) 


manic-like  activity  produced  by  amphetamine  and  cocaine  is 
correlated  with  the  increase  in  catecholamines  in  the  synapse 
following  enhanced  release  or  blocked  reuptake.  Prolonged  use 
of  the  drugs  causes  depletion  of  the  amines,  resulting  in 
depression,  lethargy,  and  craving.  All  of  these  pieces  of  evi- 
dence formed  the  basis  of  the  monoamine  hypothesis  of  affec- 
tive disorders  (Schildkraut,  1965). 

Although  many  new  questions  have  challenged  the  origi- 
nal hypothesis,  when  it  was  first  proposed  the  best  evidence 
supported  the  idea  that  depression  is  associated  with  low 
levels  of  monoamines,  whereas  mania  coincides  with  excess 
monoamine  activity.  Because  reserpine  acts  on  all 
monoamines  and  the  early  antidepressants  also  were  nonse- 
lective  in  increasing  NE  and  5-HT,  it  really  was  not  clear 
which  of  the  neurotransmitters  was  most  important  in  the 
etiology  of  depression.  Unfortunately,  we  have  not  yet 
resolved  this  issue,  and  more  and  more  researchers  are  com- 
ing to  the  conclusion  that  both  of  these  amines  are  likely  to 
play  a role  in  clinical  depression  and  that  other  neurotrans- 
mitters may  also  contribute  to  the  complex  pattern  of  symp- 
toms. There  is  increasing  evidence  that  there  is  anatomical 
and  functional  interaction  between  the  noradrenergic  neu- 
rons in  the  locus  coeruleus  and  the  serotonergic  neurons 
originating  in  the  midbrain  raphe.  Each  of  the  two  transmit- 
ter systems  seems  to  be  capable  of  modulating  the  other.  In 
the  meantime,  it  is  important  to  remember  that  neurotrans- 
mitter systems  should  be  considered  not  in  isolation  but 


instead  as  a part  of  a complex  network  of 
interacting  neurons. 

Although  we  now  know  that  the  mono- 
amine hypothesis  is  overly  simple,  it  provid- 
ed an  important  theoretical  model  that  was 
the  focus  of  enormous  amounts  of  research 
over  many  years.  It  provided  the  basis  for 
new  drug  development,  the  creation  and 
testing  of  new  animal  models,  and  the  for- 
mulation of  new  questions  that  could  not  be 
answered  within  the  old  theory.  As  is  always 
the  case  in  good  science,  new  and  often  con- 
flicting evidence  must  be  accounted  for  and 
old  theories  modified. 

The  monoamine  hypothesis  as  originally 
stated  was  based  heavily  on  acute  antidepres- 
sant drug  effects.  It  is  too  simplistic  to  ac- 
count for  the  complex  syndrome  of  affective 
disorders,  and  it  fails  to  resolve  several  dis- 
crepancies. The  most  important  of  these  is 
the  discrepancy  in  time  between  the  rapid 
neurochemical  actions  of  antidepressants  and 
the  slow  onset  of  clinical  effects  over  several 
weeks.  This  disparity  in  time  course  clearly 
demonstrates  that  the  acute  enhancement  of 
monoamine  function  is  not  the  neurochemi- 
cal basis  for  therapeutic  activity.  Newer  testable  models  of  the 
neurobiological  basis  of  affective  disorders  still  use  three  basic 
approaches:  (1)  developing  animal  models;  (2)  evaluating  the 
mechanism  of  action  of  effective  drug  treatment;  and  (3) 
examining  neurobiological  differences  in  patient  populations. 
The  most  common  ways  of  evaluating  groups  of  patients  are 
by  measuring  neurochemical  differences  in  biological  fluids  or 
brain  tissue  postmortem,  evaluating  response  to  drug  chal- 
lenge, and  visualizing  the  brain  with  positron  emission  tomog- 
raphy (PET)  or  magnetic  resonance  imaging.  Using  patients 
is  most  problematic  in  that  results  are  frequently  inconsistent 
due  to  variability  among  patients  in  symptoms,  history  of 
drug  use,  lifestyle  issues,  and  so  forth. 

Serotonin  dysfunction  contributes 
to  mood  disorders 

Serotonin  continues  to  be  a focus  of  research  because  it  has 
a significant  influence  on  sensitivity  to  pain,  emotionality, 
and  response  to  negative  consequences  as  well  as  to  reward. 
The  effects  of  5-HT  on  sleep,  eating,  and  thermoregulation 
are  likewise  well  documented  and  intuitively  seem  to  con- 
tribute to  depressive  symptoms.  Rats  with  depleted  stores  of 
5-HT  are  irritable  and  aggressive,  appear  overly  sensitive  to 
pain,  and  show  altered  patterns  of  eating  and  satiety.  Paral- 
lels in  humans  suffering  from  major  affective  disorders  can 
be  easily  seen. 
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TABLE  1 6.4  Effects  of  Chronic  Antidepressant  Treatment 
on  Serotonin  Neurons 


Antidepressant 

treatment 

Effect  on  5-HT2 
receptor  binding0 

Electrophysiological 
response  to  5-HT 

Tricyclics 

Amitriptyline 

^ or  = 

T 

Chlorimipramine 

4 

T 

Desmethylimipramine 

most  1 

T 

Imipramine 

i or  = 

T 

Second-generation 

Fluoxetine 

4-  or  = 

= 

Iprindole 

4 

T 

Mianserin 

4 

t 

Trazodone 

4 

t 

MAO -Is 

Tranylcypromine 

4 

4 

Clorgyline 

4 

4 

ECT 

= or  T 

T 

Source:  After  Willner,  1995. 
a T enhancement;  = no  change;  i reduction. 


Measuring  5-HT  in  humans  Although 
there  is  no  solid  evidence  for  abnormal  5-HT 
function  in  depressed  patients,  several  meas- 
ures can  provide  a clue  to  CNS  function. 

First,  the  most  common  way  to  determine 
the  level  of  5-HT  function  (called  turnover) 
is  by  measuring  the  principal  metabolite  of 
serotonin  5-hydroxyindole  acetic  acid  (5- 
HIAA).  It  is  generally  assumed  that  high  5- 
HIAA  reflects  increased  function  of  seroton- 
ergic neurons  and  low  5-HIAA  the  converse. 

Lower  5-HIAA  levels  have  been  found  in 
postmortem  brains  of  depressed  individuals, 
most  consistently  in  the  brains  of  suicide  vic- 
tims. Several  studies  have  also  reported  lower 
5-HIAA  levels  in  the  CSF  of  depressed  indi- 
viduals. Measuring  monoamine  metabolites 
in  other  body  fluids  such  as  blood  or  urine  is 
much  easier,  but  the  results  may  or  may  not 
indicate  CNS  function. 

Second,  blood  level  of  tryptophan,  the  5- 
HT  precursor,  is  another  measure  of  seroton- 
ergic function  that  frequently  appears  low  in 
depressed  patients  compared  to  controls. 

Further,  in  one  double-blind,  placebo-con- 
trolled study,  Delgado  and  coworkers  (1990) 
rapidly  depleted  tryptophan  in  patients  who  had  shown  a 
good  response  to  antidepressant  treatment.  Depression 
scores  showed  that  14  out  of  21  patients  had  a recurrence  of 
symptoms  despite  continued  antidepressant  medication.  The 
depression  scores  were  negatively  correlated  with  free  plas- 
ma tryptophan  levels. 

Third,  receptor  binding  studies  in  postmortem  brain 
samples  from  unmedicated  individuals  with  mood  disorders 
have  found  increased  density  of  postsynaptic  5-HT2  recep- 
tors, which  may  be  considered  a compensatory  response  to 
low  serotonergic  activity.  In  accord  with  this  finding,  animal 
studies  show  that  chronic  antidepressant  treatment  leads  to  a 
fairly  consistent  decrease  (down-regulation)  in  5-HT2  recep- 
tors. Table  16.4  gives  you  some  idea  of  the  variety  of  antide- 
pressant treatments  that  produce  this  down -regulation.  Only 
the  clinically  effective  use  of  chronic  ECT  fails  to  reduce 
these  receptors. 

Challenge  studies  provide  one  additional  way  to  evaluate 
receptor  function  indirectly  in  vivo  by  measuring  the  mag- 
nitude of  a biological  response  to  administered  agonists  or 
antagonists  (Brown  et  al.,  1994).  For  the  serotonergic  system, 
the  biological  response  measured  is  most  often  hormonal, 
including  changes  in  cortisol,  prolactin,  or  growth  hormone, 
although  other  physiological  measures  may  also  be  used, 
such  as  body  temperature.  The  magnitude  of  the  response  is 
considered  an  indicator  of  the  sensitivity  or  function  of  the 
receptor.  Overall,  the  agonist-induced  increase  in  prolactin 


suggests  that  5-HT  receptors  are  less  sensitive  in  depressed 
patients.  Sensitivity  to  5-HT  is  restored  by  chronic  adminis- 
tration of  certain  antidepressants. 

Finally,  we  can  utilize  some  of  the  newest  imaging  tech- 
niques to  visualize  changes  in  brain  function  and  receptors 
in  human  subjects.  PET  imaging  (Figure  16.12)  provides  the 
first  look  at  blood  flow  changes  in  the  brains  of  patients  with 


Figure  1 6.1 2 PET  scan  of  blood  flow  in  the  brain  in  a 
patient  with  unipolar  depression  Increased  metabolic  activ- 
ity occurs  in  the  amygdala  and  medial  orbitofrontal  cortex.  Acti- 
vation is  shown  in  red  and  orange.  (Courtesy  of  Wayne  C. 
Drevets.) 
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(A)  Acute  effects  of  antidepressants 


(B)  Chronic  effects  of  antidepressants 


depression  compared  to  normal 
blood  flow  in  control  subjects.  In- 
creased activity  in  part  of  the  medial 
orbitofrontal  cortex  and  the  amygdala 
support  their  role  in  the  regulation  of 
emotion.  The  increase  in  metabolic 
activity  in  the  amygdala  is  correlated 
with  the  severity  of  depression  and 
returns  to  normal  after  antidepressant 
drug  treatment.  Increased  activity  of 
the  orbitofrontal  cortex  may  reflect 
the  individual^  effort  to  control 
unpleasant  thoughts  and  emotions 
(Drevets,  2001). 

Antidepressant  effects  on  5-HT  in 
animals  In  addition  to  evaluating 
depressed  patients,  we  can  look  at  the 
long-term  effects  of  antidepressant 
drugs  on  5-HT  by  using  animals.  Ani- 
mal studies  have  shown  that  most 
antidepressants  increase  5-HT  by 
blocking  reuptake  or  inhibiting  MAO. 

The  increased  synaptic  5-HT  has 
postsynaptic  action  but  also  acts  on  5- 
HT  autoreceptors  to  slow  the  firing 
rate  of  cells  and  reduce  5-HT  synthe- 
sis as  well  as  release.  Therefore,  the 
two  effects  tend  to  cancel  one  another 
out.  Overall,  lower  neuronal  activity 
reduces  metabolism  of  5-HT  to  5- 
HIAA,  indicating  reduced  turnover 
(Figure  16.13).  However,  chronic 
treatment  results  in  tolerance  and 
reduces  the  action  of  the  autorecep- 
tor (down-regulation)  and  in  that 
way  gradually  increases  the  amount  of 
5-HT  in  the  synapse.  The  reuptake 
transporter  blockade  is  still  effective, 
so  at  this  point  the  two  actions  both 
produce  an  increase  in  5-HT.  Since 
the  therapeutic  effects  of  antidepres- 
sants take  several  weeks  to  develop, 
the  delay  in  autoreceptor  desensitiza- 
tion and  subsequent  enhanced  5-HT 
activity  may  be  in  part  responsible  for  the  delayed  therapeu- 
tic onset  (Blier  et  al.,  1990). 

Animal  studies  also  show  that  electrophysiological  re- 
sponse to  the  application  of  5-HT  agonists  is  enhanced  by 
long-term  antidepressant  treatment.  De  Montigny  (1981) 
examined  responses  of  single  cells  in  rat  forebrain  to  the 
application  of  5-HT.  Results  showed  that  2 days  of  antide- 
pressant pretreatment  produced  no  change  in  the  sensitivity 


Figure  1 6.1 3 Effects  of  antidepressants  on  sero- 
tonergic cells  (A)  The  initial  effects  of  reuptake  blockade 
include  increased  5-HT  in  the  synapse  and  activity  at  both 
postsynaptic  receptors  and  autoreceptors.  Autoreceptor 
activation  reduces  the  rate  of  firing  of  the  cell  as  well  as 
the  rate  of  synthesis  and  release  of  5-HT  and  subsequent- 
ly also  reduces  the  rate  of  formation  of  5-HIAA.(B)  With 
repeated  administration,  the  autoreceptors  become  less 
sensitive  and  their  inhibition  of  serotonergic  neurons 
decreases,  which  leads  to  an  increase  in  5-HT  function  and 
5-HIAA.The  desensitization  of  the  autoreceptors  coincides 
with  the  onset  of  clinical  effectiveness. 


Affective  Disorders  405 


of  the  neurons  to  5-HT  but  that  after  4 to  7 days  of  pretreat- 
ment  the  response  was  moderately  increased.  Following  15 
days  of  antidepressant  administration,  there  was  a large 
increase  in  sensitivity  to  5-HT.  The  time  course  of  this  phys- 
iological change  is  related  to  the  onset  of  clinical  antidepres- 
sant effects.  Although  the  argument  for  enhanced  sensitivity 
of  serotonergic  neurons  is  among  the  most  consistent  (see 
Table  16.4),  the  fact  that  the  enhanced  physiological  response 
occurs  in  brain  areas  where  5-HT2  receptors  are  reduced  is 
difficult  to  reconcile  (Caldecott-Hazard  et  al.,  1991).  Differ- 
ences in  pre-  and  postsynaptic  receptors  may  be  one  expla- 
nation. 

Norepinephrine  activity  is  altered 
by  antidepressants 

Norepinephrine  also  continues  to  be  a focus  of  research 
because  it  has  a known  role  in  neuroendocrine  function, 
reward  mechanisms,  attention  and  arousal,  and  response  to 
stress,  each  of  which  may  contribute  to  the  symptoms  of  the 
affective  disorders.  In  animal  studies,  electrical  stimulation 
of  the  locus  coeruleus,  the  cluster  of  noradrenergic  cell  bod- 
ies in  the  pons,  produces  vigilance,  anxiety,  and  inhibition  of 
exploratory  behavior.  Electrical  recording  in  animals  shows 
that  locus  coeruleus  firing  increases  during  threatening  situ- 
ations and  decreases  during  usual  functions  such  as  sleeping, 
grooming,  and  feeding.  Other  studies  with  animals  have 
shown  that  antidepressant  drugs  tend  to  reduce  the  firing 
rate  of  the  locus  coeruleus  and  subsequently  reduce  NE 
metabolites  in  the  brain. 

Unfortunately,  results  of  studies  with  depressed  patients 
are  difficult  to  interpret.  Levels  of  the  principal  noradrener- 
gic metabolite  MHPG  in  the  body  fluids  of  depressed  patients 
have  been  found  to  be  higher,  lower,  and  no  different  from 
those  of  controls.  In  general,  MHPG  is  usually  found  to  be 
elevated  in  patients  undergoing  treatment,  suggesting  an 
increase  in  turnover  with  antidepressant  use.  Although  no 
consistent  differences  have  been  found  in  noradrenergic 
receptor  binding  in  untreated  depressed  or  bipolar  patients, 
chronic  antidepressant  treatment  leads  to  down- regulation  of 
both  [3-receptors  and  a2-autoreceptors.  Unfortunately,  when 
both  a2-  and  p-receptors  are  down-regulated,  they  have 
opposite  effects  on  adrenergic  synapses.  Since  a2-autorecep- 
tors  acutely  reduce  noradrenergic  cell  function  by  decreasing 
the  rate  of  firing  and  reducing  NE  release,  a2-autoreceptor 
down-regulation  increases  both  of  these  cell  functions.  Using 
a2-challenge  measures,  the  majority  of  experiments  show  that 
chronic,  but  not  acute,  antidepressant  treatment  produces  a 
reduction  in  autoreceptor  responsiveness  that  coincides  with 
the  increase  in  turnover  described  earlier. 

One  of  the  most  consistent  findings  regarding  cate- 
cholamine response  to  chronic  antidepressant  treatment  is 
the  down -regulation  of  p-receptors,  which  requires  7 to  21 


days  of  treatment,  a lag  that  parallels  that  seen  in  the  onset 
of  therapeutic  response  in  depressed  patients.  Similar  results 
occur  with  the  vast  majority  of  antidepressant  drugs  tested, 
including  the  TCAs,  MAO-Is,  SSRIs,  and  second-generation 
antidepressants.  ECT,  lithium  under  some  conditions,  and 
even  REM  sleep  deprivation  seem  to  reduce  p-receptors. 

Norepinephrine  and  serotonin 
modulate  one  another 

Because  the  most  consistent  chronic  effects  of  antidepres- 
sants are  down-regulation  of  P-receptors  and  5-HT7  recep- 
tors and  an  enhanced  physiological  response  to  5-HT,  Sulser 
(1989)  proposed  a “serotonin-norepinephrine”  hypothesis 
of  depression.  Both  anatomical  and  functional  interactions 
exist  between  the  noradrenergic  neurons  originating  in  the 
locus  coeruleus  and  the  serotonergic  neurons  in  the  raphe 
nuclei  (Figure  16.14),  and  each  system  is  capable  of  modu- 
lating the  other.  Destroying  5-HT  terminals  with  the  neuro- 
toxin 5,6-dihydroxytryptamine  prevents  the  down- regula- 
tion of  P-receptors  that  follows  chronic  antidepressant 
treatment.  Others  have  shown  that  5-HT  agonists  can  indi- 
rectly stimulate  the  noradrenergic  system,  causing  (3-recep- 
tor  down-regulation,  and  that  increased  noradrenergic  func- 
tion may  also  increase  electrophysiological  activity  in  the 
raphe  nuclei.  Sulser  suggests  that  norepinephrine  function 
involves  multiple  feedback  loops  that  use  a variety  of  neuro- 
transmitters, including  5-HT,  acetylcholine,  DA,  GABA,  and 
opioid  peptides.  For  more  information  on  the  contribution 
of  these  neurotransmitters  to  the  symptoms  of  depression, 
refer  to  several  excellent  reviews  (Caldecott-Hazard  and  col- 
leagues, 1991;  Brown  et  al.,  1994;  Willner,  1995). 


Section  Summary 

The  monoamine  hypothesis  of  affective  disorders  states  that 
depression  is  due  to  hypofunctioning  of  noradrenergic 
and/or  serotonergic  neurons  in  the  brain,  while  mania  is 
caused  by  excess  monoamines.  Unfortunately,  the  measures 
used  to  evaluate  monoamine  function  in  depressed  patients 
do  not  consistently  support  the  hypothesis  and  suggest  an 
interactive  role  of  multiple  neurotransmitter  systems.  Also, 
although  acute  antidepressant  drug  treatment  fits  the  model, 
we  know  that  effectiveness  does  not  occur  with  the  acute  ele- 
vation of  amines  but  requires  biological  changes  that  occur 
over  a period  of  weeks. 

Results  from  the  many  animal  and  human  studies  sum- 
marized here  are  frequently  inconsistent,  which  suggests  that 
we  still  do  not  have  a complete  understanding  of  serotoner- 
gic function  in  depression  and  treatment.  However,  what  we 
do  know  is  worth  summarizing  briefly.  Serotonin  turnover 
and  plasma  tryptophan  levels  are  frequently  reduced  in  non- 
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Figure  1 6.1 4 Two  monoamine  pathways  in  the  human 
brain  This  schematic  diagram  shows  noradrenergic  pathways 
originating  in  the  locus  coeruleus  (A)  and  serotonergic  pathways 
originating  in  the  raphe  nuclei  (B).The  overlapping  nature  and 
interaction  of  the  two  neurotransmitter  systems  is  very  apparent. 


medicated  depressed  patients  while  postsynaptic  serotoner- 
gic receptors  are  increased  in  number  perhaps  to  compen- 
sate for  the  low  5-HT  utilization.  Chronic  antidepressant 
treatment  tends  to  reverse  each  of  these.  Challenge  studies 
indicate  reduced  receptor  sensitivity  in  depression  that  is 
restored  by  treatment. 

Data  from  animal  studies  generally  support  the  evidence 
gathered  from  depressed  patients.  Although  antidepressant 
treatment  acutely  increases  5-HT  in  the  synapse,  the  autore- 
ceptor activation  more  than  compensates  so  that  there  is 


reduced  5-HT  turnover.  However,  chronic  treatment  causes 
downregulation  of  autoreceptors  so  serotonergic  turnover  is 
ultimately  increased.  Electrophysiological  response  to  applied 
5-HT  agonists,  like  the  human  challenge  studies,  shows 
increased  sensitivity  of  receptors  with  chronic  drug  treatment. 

One  of  the  most  consistent  changes  after  chronic  antide- 
pressants is  down-regulation  of  (3-receptors.  This  decrease 
occurs  after  several  weeks  of  treatment  with  a majority  of 
antidepressant  drugs.  Beta-receptor  down-regulation  also 
follows  chronic  ECT,  lithium  administration,  and  some 
types  of  sleep  deprivation  treatment.  Ample  evidence  exists 
to  demonstrate  anatomical  and  functional  interactions 
between  serotonergic  and  noradrenergic  neurons,  indicating 
that  each  system  is  capable  of  modulating  the  other.  It  is 
apparent  that  both  of  these  monoamines,  as  well  as  other 
neurotransmitters  including  dopamine,  acetylcholine, 
GABA,  and  opioids,  likely  interact  to  form  the  complex  com- 
bination of  symptoms  of  affective  disorder. 

Neurobiological  Models  of  Depression 

In  addition  to  the  consideration  of  neurotransmitter  func- 
tion in  depression,  other  hypotheses  pose  alternative  neuro- 
biological models  that  are  now  being  tested.  One  such 
hypothesis,  the  glucocorticoid  hypothesis,  focuses  on  the 
stress-related  neuroendocrine  abnormalities  that  are  fre- 
quently found  in  depressed  individuals  (see  the  section  on 
biological  rhythms  earlier  in  the  chapter;  see  also  Aborelius 
et  al.,  1999  for  an  excellent  review).  The  abnormal  secretion 
of  CRF  from  the  hypothalamus  is  apparently  responsible  for 
the  hypersecretion  of  ACTH  from  the  pituitary  and  cortisol 
from  the  adrenal  cortex.  The  hypothalamic  CRF  neurons  are 
normally  controlled  by  other  areas  of  the  CNS:  the  amyg- 
dala, which  is  central  to  emotional  responses,  normally  stim- 
ulates the  CRF  circuit,  while  the  hippocampus  has  inhibitory 
control  (see  Figure  16.3).  The  hippocampus  has  receptors 
that  when  activated  by  high  levels  of  glucocorticoids  (such 
as  cortisol)  help  to  inhibit  CRF  release  from  the  hypothala- 
mus, subsequently  returning  glucocorticoid  levels  to  normal. 
However,  when  stress  is  intense  and/or  prolonged,  glucocor- 
ticoid levels  remain  high  and,  as  shown  in  animal  studies, 
hippocampal  neurons  are  damaged  and  no  longer  respond. 
The  principal  damage  includes  decreases  in  dendritic 
branches  and  loss  of  dendritic  spines,  as  well  as  a reduction 
in  the  formation  of  new  hippocampal  cells  (neurogenesis). 
Cell  loss  means  reduced  response  to  circulating  cortisol  and 
loss  of  inhibition  of  the  HPA  axis,  inducing  further  gluco- 
corticoid-mediated hippocampal  cell  loss. 

One  might  speculate  that  the  elevated  cortisol  levels 
found  in  depressed  individuals  contribute  to  cell  death  and 
some  of  the  cognitive  symptoms  of  depression.  Small  reduc- 
tions in  hippocampal  volume  are  found  in  magnetic  reso- 
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nance  imaging  scans  of  depressed  patients.  Further,  antide- 
pressant drugs  and  ECT  reduce  CRF  levels  in  depressed 
patients.  In  animals,  several  types  of  antidepressant  drugs 
also  reverse  the  loss  of  dendrites  and  increase  neurogenesis 
in  the  hippocampus  and  other  brain  areas.  Finally,  intracere- 
broventricular  administration  of  CRF  elicits  stress-related 
behavioral  and  physiological  responses  in  animals,  including 
the  expected  enhancement  of  cortisol  levels  and  sympathetic 
nervous  system  activity.  CRF  also  elicits  behaviors  in  animals 
that  are  closely  correlated  with  symptoms  of  clinical  depres- 
sion in  humans:  arousal,  insomnia,  decreased  eating,  reduced 
sexual  activity,  and  anxiety. 

The  glucocorticoid  hypothesis  of  affective  disorder  is  the 
basis  for  the  clinical  tests  of  CRF  receptor  antagonists,  which 
show  early  promise  as  antidepressants.  Preliminary  clinical 
studies  (Zobel  et  al.,  2000)  found  significant  improvement  in 
both  depression  and  anxiety  scores  using  the  CRF  receptor 
antagonist  R121919.  Minimal  side  effects  were  found  in  this 
preliminary  study,  and  even  at  the  higher  doses  tested  only 
minor  elevations  in  liver  enzyme  values  were  noted. 

A second  closely  related  neurobiological  model  looks  at 
potential  mechanisms  underlying  the  hippocampal  cell  loss 
following  stress:  deficits  in  neurotrophic  factors  such  as 
BDNF  (brain-derived  neurotrophic  factor).  Neurotrophic 
factors  are  important  proteins  that  are  needed  during  brain 
development  but  also  regulate  changes  in  cells  and  their  sur- 
vival in  adult  brains.  The  neurotrophic  hypothesis  suggests 
that  low  BDNF  may  be  responsible  for  the  loss  in  dendritic 
branches  and  spines  and  that  antidepressants  may  protect 
vulnerable  cells  by  preventing  the  decrease  in  BDNF.  Evi- 
dence in  support  can  be  briefly  summarized:  (1)  chronic 
stress  reduces  BDNF  in  the  hippocampus  in  rats;  (2)  chron- 
ic but  not  acute  antidepressant  treatment  increases  BDNF  in 
both  animals  and  humans;  and  (3)  antidepressants  prevent 
stress-induced  reductions  in  BDNF  (Figure  16.15).  A direct 
connection  between  BDNF  and  depression  is  more  difficult 
to  determine.  However,  Shirayama  and  coworkers  (2002) 
injected  BDNF  intracerebrally  into  regions  of  the  hippocam- 
pus in  rats  and  found  antidepressant  effects  in  the  forced 
swim  test  and  learned  helplessness  test. 

Since  the  production  of  BDNF  is  dependent  on  the  cAMP 
second-messenger  system,  it  is  significant  that  chronic  anti- 
depressant drug  treatment  up-regulates  several  components 
of  the  system  in  the  hippocampus  and  frontal  cortex.  This 
up-regulation  occurs  despite  the  down-regulation  of  the  13- 
receptors  ((3ARs)  and  5-HT  receptors  that  are  coupled  to  the 
cAMP  cascade  (Figure  16.16).  Up-regulation  occurs  in  sev- 
eral stages  of  the  cascade,  including  enhanced  coupling 
between  stimulatory  G protein  and  adenylyl  cyclase,  increase 
in  cAMP-dependent  protein  kinase  (PKA),  and  increase  in 
cAMP  response  element  binding  protein  (CREB),  which  is  a 
transduction  factor  that  induces  protein  synthesis  of  BDNF 
and  other  proteins. 
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Figure  1 6.1 5 Effect  of  stress  and  antidepressant  treat- 
ment on  BDNF  in  hippocampal  cells  The  box  on  the  left 
shows  a typical  hippocampal  cell  in  the  CA3  area.  Chronic  stress 
(center)  elevates  glucocorticoids  and  decreases  BDNF,  which 
may  be  responsible  for  the  loss  of  dendritic  trees  and  make  the 
cells  more  vulnerable  to  a variety  of  detrimental  factors.  Chronic 
antidepressant  treatment  (right)  not  only  alters  monoamine 
transmission  but  also  increases  BDNF.  BDNF  may  protect  the 
cells  from  further  damage  and  help  repair  those  already  dam- 
aged. (After  Duman  et  al.,  1 999.) 


Although  at  present  there  is  no  way  to  directly  inject 
BDNF  into  humans  as  a test  for  antidepressant  activity,  ele- 
vating CREB  in  the  hippocampus  of  laboratory  animals  pro- 
duced antidepressant  effects  in  the  forced  swim  and  learned 
helplessness  tests  (Chen  et  al.,  2001).  One  might  consider  that 
enhancing  any  portion  of  the  cAMP  cascade  could  ultimately 
enhance  BDNF  production  and  relieve  depression.  One 
approach  involves  inhibiting  phosphodiesterase,  the  enzyme 
that  normally  degrades  cAMP  to  5'-AMP.  One  phosphodi- 
esterase inhibitor,  rolipram,  reduced  symptoms  in  a small  trial 
of  depressed  patients,  but  side  effects  prohibit  its  regular  use. 
More  selective  inhibitors  may  prove  effective  with  reduced 
side  effects.  A second  approach  involves  activating  the  tran- 
scription factor  CREB,  which  in  turn  induces  the  production 
of  BDNF  to  promote  cell  survival  and  relieve  depression. 


408  Chapter  16 


Figure  1 6.1 6 Up-regulation  of  second-messenger  path- 
way by  chronic  antidepressant  treatment  The  increase  in 
NE  and  5-HT  caused  by  acute  antidepressant  treatment  pro- 
duces down-regulation  of  their  receptors  when  treatment  is 
chronic.  In  response  to  the  reduction  in  receptors  the  cAMP 
pathway  is  up-regulated,  producing  increases  in  adenylyl 
cyclase  activity,  cAMP,  PKA,  and  the  transcription  factor  within 
the  nucleus,  CREB.  CREB  increases  the  synthesis  of  several  pro- 
teins, including  BDNF.  (After  Duman  et  al.,  1 997.) 


Brain  levels  of  CREB  are  low  in  depressed  patients  and  are 
increased  by  most  antidepressant  drugs  after  several  weeks.  It 
is  tempting  to  try  to  develop  therapeutic  methods  that  might 
rapidly  enhance  CREB  and  the  neurotrophic  factors. 


Although  the  possibilities  are  exciting,  application  to  human 
therapeutics  is  clearly  a long  way  off. 

These  two  neurobiological  hypotheses,  along  with  a third, 
which  considers  the  impairment  of  brain  reward  pathways, 
are  discussed  in  detail  in  an  excellent  review  by  Nestler  and 
colleagues  (2002).  They  provide  both  an  overview  and  sup- 
porting evidence  as  well  as  a discussion  of  future  directions 
for  research. 


Section  Summary 

Several  new  neurobiological  models  of  depression  focus  on 
the  role  of  stress  and  the  HPA  axis  because  stress-induced 
elevation  of  CRF  initiates  the  release  of  ACTH  from  the  pitu- 
itary and  subsequently  of  glucocorticoids  (e,g.,  cortisol)  from 
the  adrenal  cortex.  Prolonged  elevation  of  glucocorticoids 
during  chronic  stress  damages  hippocampal  cells,  which  pre- 
vents the  normal  hippocampal  inhibition  of  the  HPA  axis, 
causing  further  glucocorticoid-induced  brain  damage. 
Chronic  antidepressant  treatment  in  depressed  patients 
seems  to  reduce  CRF  levels,  and  animal  studies  show  that 
chronic  treatment  reverses  hippocampal  cell  damage. 

Chronic  antidepressant  treatment  also  up-regulates  the 
cAMP  cascade,  despite  the  fact  that  the  drugs  down-regulate 
the  receptors  coupled  to  the  system.  The  enhanced  coupling 
between  G protein  and  adenylyl  cyclase  and  the  increase  in 
cAMP,  PKA,  and  CREB  induce  the  synthesis  of  BDNF,  a 
trophic  factor  that  protects  neurons.  Future  research  will 
determine  whether  there  is  a direct  connection  between  the 
symptoms  of  depression,  BDNF  levels,  and  brain  cell  loss 
that  can  be  reversed  by  antidepressants. 
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Anxiety  Disorders 


Richard  was  a 19-year-old  college  freshman  majoring  in  philosophy 
when  he  withdrew  from  school  because  of  incapacitating  ritualistic 
behavior.  These  rituals  included  excessive  hand  washing  and  show- 
ering; ceremonial  rituals  for  dressing  and  studying;  compulsive  placement  of 

any  objects  he  handled;  grotesque  hissing, 
coughing,  and  head  tossing  while  he  was  eating; 
and  shuffling  and  wiping  his  feet  while  walking. 
Over  the  prior  2 years  Richard’s  behavior  had 
steadily  deteriorated,  and  finally  he  had  isolated 
himself  from  his  family  and  friends,  refusing 
meals  and  neglecting  his  personal  appearance. 
He  had  not  cut  his  hair  in  5 years,  nor  had  he 
shaved  or  trimmed  his  beard.  Any  time  he 
walked  anywhere  he  would  take  very  small  steps 
on  his  toes  while  continually  looking  back, 
checking  and  rechecking. 

Richard  was  clearly  in  a good  deal  of  pain 
and  his  life  was  totally  disordered.  He  had  lost 
the  desire  to  be  with  family  and  friends  because 
his  behavior  was  so  embarrassing  to  him.  He 
recognized  that  his  thoughts  and  behaviors  were 
not  rational  but  had  no  control  over  their 
occurrence  (Barlow  and  Durand,  1995).  After 
reading  the  section  on  clinical  anxiety  disorders, 
see  if  you  can  make  the  diagnosis  for  Richard 
and  recommend  treatment  strategies. 


Feelings  of  fear,  helplessness,  and  horror  may  lead  to  anxiety 
disorders. 
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Characteristics  of  Anxiety  Disorders 

Having  just  completed  Chapter  16,  which  describes  major 
disorders  of  affect  or  mood — notably  clinical  depression  and 
bipolar  disorder — we  turn  now  to  yet  another  class  of  mood 
disorders.  These  maladaptive  reactions  have  anxiety  as  a 
major  component.  As  a group,  they  produce  an  enormous 
amount  of  suffering,  contribute  to  low  productivity,  and  gen- 
erate a poor  quality  of  life  for  a large  number  of  individuals. 
Although  the  incidence  of  each  syndrome  varies,  it  has  been 
estimated  that  10  to  30%  of  Americans  will  suffer  from  a sig- 
nificant anxiety  disorder  at  some  point  in  their  lives.  The 
ways  in  which  that  anxiety  is  expressed  vary  greatly  and 
include  episodes  of  panic,  phobic  avoidance  of  anxiety-elic- 
iting stimuli,  intrusive  thoughts  or  compulsive  behaviors, 
and  damaging  negative  thinking  patterns.  In  addition,  anxi- 
ety is  a factor  commonly  associated  with  other  psy- 
chopathology, particularly  clinical  depression.  The  link 
between  anxiety  and  depression  is  well  documented:  Accord- 
ing to  the  National  Comorbid  Survey,  58%  of  patients  with 
major  depression  also  show  signs  of  anxiety  disorder  (Ninan, 
1999).  Furthermore,  both  neurobiological  and  pharmaco- 
logical evidence  support  the  idea  of  a common  link  between 
the  two.  Before  describing  some  of  the  psychiatric  disorders 
in  which  anxiety  is  a major  characteristic,  lefs  look  a little 
closer  at  anxiety  itself. 

Anxiety  is  important  for  survival 

Most  anxiety  presents  itself  as  a subjectively  unsettling  feel- 
ing of  concern  or  worry  that  is  displayed  by  behaviors 
including  a worried  facial  expression  as  well  as  bodily 
responses  such  as  increased  muscle  tension,  restlessness, 
impaired  concentration,  sleep  disturbances,  and  irritability. 
In  addition,  activation  of  the  sympathetic  branch  of  the 
autonomic  nervous  system  (ANS)  produces  increased  heart 
rate,  sweating,  shortness  of  breath,  and  other  signs  of  the 
“fight-or- flight”  response  (see  Chapter  2).  Anxiety  can  vary 
in  intensity  from  feelings  of  vague  discomfort  to  intense  sen- 
sations of  terror. 

Evolutionarily,  anxiety  is  important  to  survival  since  it 
warns  us  of  danger  and  activates  the  fight-or-flight  response, 
enabling  us  to  cope  with  impending  emergency.  Unfortu- 
nately, many  of  the  dangers  we  face  in  the  modern  world  do 
not  involve  fighting  off  or  running  from  predators  like  the 
saber-toothed  tiger,  when  increased  heart  rate  and  blood 
pressure,  elevated  blood  glucose,  and  surges  of  adrenaline 
would  be  beneficial.  Most  of  the  anxiety-provoking  situa- 
tions that  we  face  demand  instead  that  we  restrain  our 
aggressive  impulses  (wanting  to  attack  our  hostile  boss), 
think  clearly  (during  a difficult  exam),  and  remain  in  the 
anxiety-producing  situation  (giving  a speech  to  a large 


group)  until  a resolution  occurs.  In  these  circumstances,  the 
fight-or-flight  response  is  not  helpful  and  may  impair  our 
ability  to  perform  at  our  best. 

Nevertheless,  despite  its  unpleasantness,  anxiety  in  small 
doses  is  clearly  a necessary  stimulus  for  optimum  perform- 
ance in  many  everyday  situations.  Anxiety  before  an  exam 
encourages  more  study;  anxiety  before  public  speaking  forces 
us  to  practice  our  presentation  one  more  time;  anxiety  before 
a first  date  prompts  us  to  recheck  our  plans  for  the  evening. 
Regardless  of  whether  we  are  students,  factory  workers,  or 
businesspeople,  it  is  anxiety  that  boosts  our  energy  level  and 
pushes  us  to  work  harder  and  longer.  But  sometimes  we 
experience  too  much  of  a good  thing.  When  anxiety  increas- 
es beyond  a certain  level,  performance  deteriorates  notice- 
ably, particularly  on  complex  tasks.  What  begins  as  increas- 
ing alertness  and  focus  becomes  preoccupation  with  our  own 
agitation  that  distracts  us  from  our  task.  The  ANS  prepares 
our  bodies  for  emergency;  our  muscles  are  tense;  and  we  may 
suffer  from  digestive  problems,  sleep  disturbances  leading  to 
fatigue,  and  psychosomatic  illness.  The  overanxious  student 
often  cannot  focus  on  an  important  exam  because  he  is  too 
preoccupied  with  thoughts  of  how  awful  it  would  be  to  fail. 
Worst  of  all,  because  high  anxiety  has  damaged  our  per- 
formance, our  failures  provide  more  reason  to  be  anxious, 
creating  an  escalating  circular  pattern  (Figure  17.1).  Once  we 
begin  to  have  negative  feelings  about  ourselves  and  our  lack 
of  productivity,  depression  may  develop. 

Anxiety  disorders  are  different  from 
everyday  worry 

Among  the  disorders  that  are  recognized  as  anxiety  syn- 
dromes by  the  American  Psychiatric  Association,  this  chapter 
will  consider  the  five  principal  categories:  generalized  anxiety 
disorder,  panic  disorder,  several  types  of  phobias,  post-trau- 
matic stress  disorder,  and  obsessive-compulsive  disorder. 

Brief  episodes  of  anxiety,  even  when  rather  intense,  are 
not  likely  to  be  harmful  and  may  be  quite  rational  in  many 
situations.  Acute  anxiety  occurs  in  response  to  real-life  stres- 
sors, and  symptoms  occur  only  in  response  to  these  events. 
Pharmacological  treatment  is  very  effective  in  providing 
relief  from  the  anxiety  associated  with  major  life  changes 
such  as  death  of  a loved  one,  divorce  or  permanent  disability, 
or  sudden  stressors  like  major  surgery  that  trigger  intense 
anxiety.  The  anxiolytics  (drugs  that  reduce  anxiety)  in  the 
benzodiazepine  class  are  extremely  effective  for  relieving  this 
type  of  anxiety. 

Generalized  anxiety  disorder  Although  acute  anxiety 
may  at  times  need  to  be  treated,  it  is  generally  not  long-last- 
ing and  is  not  considered  a clinical  disorder.  In  contrast,  for 
some  people  the  symptoms  of  anxiety  have  no  real  focus,  and 
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Figure  1 7.1  Three-component  model  of  anxiety  shows 
that  stress  induces  the  cyclic  interaction  of  bodily  response, 
ineffective  behavior,  and  upsetting  thoughts.  Potential  stressors 
may  be  perceived  as  a threat,  which  initiates  portions  of  the 
anxiety  responses.  Each  of  the  three  components  influence  the 
others,  potentially  escalating  the  overall  damaging  effect  of 
anxiety.  For  other  individuals,  the  stressor  may  be  perceived  as  a 
challenge,  which  engages  more  constructive  behavior.  Individ- 
ual differences  based  on  genetic  traits  and  early  experience 
may  make  some  people  more  or  less  vulnerable  to  stressors. 
(After  Rosenthal  and  Rosenthal,  1980.) 


Potential  stressors 

• Failures 

• Personal  losses 

• Frightening  events 

• Time  pressures 

• Insults 


V 

Stressor  perceived  as  a threat 


Bodily  effects 

• Autonomic  emergency 
response 

• Shallow  breathing 

• Pounding  heart 

• Tense  muscles 

• Digestive  problems 

• Sleep  disturbances 

• Fatigue 

• Psychosomatic  illness 


T 


Upsetting  thoughts 


• Anger 

• Fears 

• Preoccupations 

• Self-doubts 

• Negative  self-talk 

• Repeated  "danger" 
thoughts 

• Worry  about  body 
reactions  and  health 


they  can  be  present  for  much  of  the  day,  and  persist  for 
months  or  years.  These  individuals  suffer  from  general- 
ized anxiety  disorder  (GAD).  Individuals  with  GAD 
show  signs  of  constant  worry  and  continuously  predict, 
anticipate,  or  imagine  dreadful  events.  For  them,  life  is 
generally  stressful,  and  even  minor  events  provoke 
worry.  Being  late  for  an  appointment,  not  completing  a 
task,  or  making  a minor  mistake  are  all  causes  of  worry. 

The  most  common  physical  symptoms  include  muscle 
tension  and  agitation  that  lead  to  fatigue,  poor  concen- 
tration, irritability,  and  sleep  difficulties.  As  you  might 
expect,  the  chronic  anxiety  reduces  the  individuals  perform- 
ance on  many  tasks  and  decreases  the  pleasure  derived  from 
his  or  her  efforts.  GAD  is  one  of  the  more  common  anxiety 
disorders,  afflicting  an  estimated  5%  of  the  general  popula- 
tion between  the  ages  of  15  and  45  (Wittchen  et  al.,  1994). 
Most  cases  begin  gradually,  usually  in  the  teens  or  early 
adulthood,  and  persist  throughout  life.  Although  some 
genetic  contribution  is  suggested  by  the  fact  that  GAD  tends 
to  run  in  families,  twin  studies  are  not  consistent  in  support- 
ing the  role  of  heritability. 

Panic  attacks  and  panic  disorder  In  contrast  to  anxiety, 
which  is  the  anticipation  of  potential  danger,  fear  is  the  phys- 
iological reaction  to  immediate  danger  that  prepares  us  to 
fight  or  run  away.  When  an  individual  experiences  all  the 
effects  of  a fear  reaction  without  a threatening  stimulus,  he 


Ineffective  behavior 


• Escape 

• Avoidance 

• Indecision 

• Aggression 

• Inflexible  responses 

• Poor  judgment 

• Inefficiency 

• Drug  use 


is  having  a panic  attack.  The  sudden  intense  fearfulness  is 
accompanied  by  strong  arousal  of  the  sympathetic  ANS.  The 
symptoms  associated  with  panic  include  heart  pounding  or 
chest  pain,  sweating,  shortness  of  breath,  faintness,  choking, 
and  the  fear  of  losing  control  or  dying  (Figure  17.2).  These 
symptoms,  which  last  minutes  to  even  hours,  may  occur  (1) 
in  response  to  a particular  environmental  cue  (producing  a 
phobia);  (2)  totally  without  warning  in  unexpected  fashion; 
or  (3)  in  a situation  where  an  attack  occurred  previously, 
thus  making  it  more  likely  to  occur  again.  The  latter  two 
cases  are  the  basis  for  panic  disorder.  Panic  disorder  usually 
begins  in  the  late  twenties  and  may  last  for  many  years,  with 
attacks  occurring  at  different  frequencies  and  intensities  over 
that  time.  In  panic  disorder,  the  individual  experiences  both 
panic  (in  the  form  of  individual  attacks)  and  anxiety  (called 
anticipatory  anxiety)  over  the  possibility  that  she  may  have 
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Figure  1 7.2  The  word  panic  comes  from  Pan,  the  Greek 
god  of  pastures  and  shepherds,  who  is  represented  as  having 
the  legs,  horns,  and  ears  of  a goat.  It  was  believed  that  if  he  were 
awakened  from  his  nap  by  travelers,  he  would  let  out  a blood- 
curdling scream  that  would  often  scare  them  to  death. 


an  attack  in  a place  that  is  not  safe,  for  example,  in  the  mid- 
dle of  a movie  theater  or  during  a church  service,  where  it 
would  be  embarrassing  or  perhaps  impossible  to  escape.  The 
anxiety  associated  with  being  in  an  “unsafe”  place  leads  to 
agoraphobia,  a fear  of  public  places  and  subsequent  avoid- 
ance of  many  common  situations  (Table  17.1).  Individuals 
with  agoraphobia  often  lead  very  limited  lives  because  they 
never  leave  the  safety  of  their  own  homes. 

Unlike  some  of  the  other  anxiety  disorders,  a genetic  pre- 
disposition for  panic  is  well  documented.  The  concordance 
rate  is  significantly  higher  in  monozygotic  than  in  dizygotic 
twins.  Furthermore,  a significant  number  of  patients  with 
panic  disorder  have  parents  with  the  same  diagnosis. 

It  is  not  entirely  clear  whether  people  with  panic  disor- 
der have  a more  reactive  ANS,  but  panic  attacks  can  be  trig- 
gered in  individuals  with  the  disorder  by  a variety  of  stimuli 
that  activate  the  ANS.  These  include  injection  with  lactic 
acid  (a  product  of  muscle  exertion),  caffeine,  or  yohimbine 


TABLE  17.1  Typical  Situations 

Avoided  by  a Person 
with  Agoraphobia 

Shopping  malls 

Cars  (as  driver  or  passenger) 

Buses 

Trains 

Subways 

Wide  streets 

Tunnels 

Restaurants 

Theaters 

Being  far  from  home 

Staying  at  home  alone 

Waiting  in  line 

Supermarkets 

Stores 

Crowds 

Planes 

Elevators 

Escalators 

Source:  Barlow  and  Durand,  1995. 


(an  a2-adrenergic  receptor  antagonist),  or  breathing  air  with 
increased  amounts  of  carbon  dioxide.  Because  these  same 
techniques  do  not  elicit  panic  in  normal  individuals,  they 
have  been  useful  in  studying  panic  disorder  in  the  laborato- 
ry (see  Nutt  et  al.,  1998). 

Phobias  Phobias  involve  fears  that  the  individual  recog- 
nizes as  irrational.  Fears  may  focus  on  specific  objects  or  sit- 
uations such  as  high  places,  closed-in  spaces,  water,  mice,  or 
snakes,  or  they  may  relate  to  social  or  interpersonal  situa- 
tions such  as  speaking  in  public.  Phobias  can  affect  the  indi- 
vidual’s daily  existence  and  reduce  his  quality  of  life. 
Although  many  of  us  have  irrational  fears  of  things  like  spi- 
ders, usually  we  can  avoid  those  things  with  little  modifica- 
tion of  lifestyle  (Figure  17.3).  However,  for  some  people  an 
irrational  fear  significantly  alters  their  daily  activities.  One 
example  of  such  an  individual  is  John  Madden,  the  well- 
known  American  sports  announcer  and  former  football 
coach.  He  suffers  from  claustrophobia  and  is  overwhelmed 
with  anxiety  when  traveling  within  the  confined  space  of  an 
airplane.  Although  he  maintains  a busy  schedule  of  cross- 
country appearances  for  television,  he  travels  only  by  train 
or  on  a bus  designed  for  his  use. 
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Figure  1 7.3  Cynophobia  causes  individuals  to  suffer  signs  of 
anxiety  in  the  presence  of  dogs  or  even  in  response  to  items 
closely  associated  with  the  animals.  Other  animals  like  snakes, 
mice,  or  cats  are  also  frequent  bases  for  phobias  and  phobic 
avoidance. 


to  the  heart  of  danger,  for  there  you  will  find  safety”  Med- 
ication for  phobias  is  rarely  needed. 

Social  phobia  involves  fear  of  being  around  others 
because  the  individual  is  concerned  that  he  might  do  some- 
thing embarrassing.  Social  phobia  is  far  more  than  extreme 
shyness  and  restricts  such  activities  as  public  speaking, 
attending  parties,  taking  exams,  and  even  eating  in  public 
places.  Evidence  suggests  cognitive  therapy  that  modifies 
negative  thoughts  such  as  the  likelihood  of  looking  foolish, 
plus  social-skills  training,  is  frequently  highly  beneficial. 

Post-traumatic  stress  disorder  Severe  and  chronic  emo- 
tional disorders  can  occur  after  traumatic  events  such  as  war, 
natural  disasters  like  hurricanes  or  earthquakes,  terrorist 
attacks  such  as  9/11,  physical  assault,  or  auto  accidents.  In 
each  case  the  individual  involved  feels  not  only  fear  but  also  a 
sense  of  helplessness  and  horror.  Many  of  the  individuals 
who  witnessed  the  terrorist  attack  on  the  World  Trade  Center 
in  New  York  City  have  developed  post-traumatic  stress  dis- 
order (PTSD),  and  the  soldiers  returning  from  the  war  in 
Iraq  show  a particularly  high  rate  of  PTSD.  Individuals  with 
PTSD  frequently  experience  nightmares  and  memories  that 
may  occur  as  sudden  flashbacks  of  the  traumatic  event.  In 
addition,  they  show  increased  physiological  reactivity  to 
reminders  of  the  trauma,  sleep  disturbances,  avoidance  of 
stimuli  associated  with  the  trauma,  and  a numbing  of  emo- 
tional responses  for  many  years  after  the  original  stress. 
Many  exhibit  sudden  outbursts  of  irritability  that  can  emo- 
tionally injure  family  and  friends  who  are  making  an  effort 
to  be  supportive.  The  individuals  often  feel  detached  from 
others  and  fail  to  experience  the  full  range  of  emotions, 
which  leads  to  diminished  interest  in  life  activities.  In  addi- 
tion, the  probability  of  attempting  suicide  is  significantly 


While  there  is  an  almost  infinite  list  of  items 
that  can  elicit  phobic  anxiety  (Table  17.2),  what 
people  fear  is  at  least  partially  determined  by  cul- 
ture. For  instance,  in  the  Chinese  culture  pa-leng 
is  a morbid  fear  of  the  cold  and  loss  of  body  heat. 
This  fear  is  based  on  the  Chinese  belief  that  yin 
represents  the  cold,  dark,  and  energy-draining 
parts  of  life  that  optimally  should  be  balanced 
with  yang,  the  warm,  light,  and  sustaining  ele- 
ments. People  with  pa-leng  often  wear  several  lay- 
ers of  clothing  even  on  extremely  hot  days.  For- 
tunately, phobias  can  usually  be  effectively  treated 
with  behavior  therapy  that  involves  presenting  the 
fear-inducing  stimulus  in  gradual  increments, 
allowing  the  individual  to  maintain  a relaxed  state 
while  confronting  the  source  of  her  fear.  This 
technique,  called  behavioral  desensitization,  is  a 
common  modern  treatment  method  but  may 
reflect  an  ancient  Chinese  proverb:  “Go  straight 


TABLE  1 7.2  Some  Common  (*)  and  Less  Common  Phobias 


Phobia 

Fear  of 

Acrophobia* 

Heights 

Aichmophobia 

Sharp,  pointed  objects;  knives 

Ailurophobia 

Cats 

Algophobia 

Pain 

Astraphobia* 

Storms,  thunder,  lightning 

Claustrophobia* 

Tight  enclosures 

Hematophobia* 

Blood 

Monophobia* 

Being  alone 

Nyctophobia 

Darkness,  night 

Ochlophobia 

Crowds 

Pyrophobia 

Fire 

Thanatophobia* 

Death 

Xenophobia* 

Strangers 
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greater  in  these  individuals,  as  is  the  incidence  of  substance 
abuse,  marital  problems,  depression,  and  feelings  of  guilt  and 
anger.  Children  also  develop  PTSD  following  trauma, 
although  their  symptoms  are  somewhat  different. 

Although  statistics  tell  us  that  lifetime  prevalence  of  PTSD 
varies  from  1 to  10%  in  the  United  States,  the  occurrence 
varies  widely  depending  on  the  trauma.  For  example, 
approximately  3%  of  people  who  have  experienced  a per- 
sonal attack,  4 to  16%  surviving  a natural  disaster,  30%  of 
war  veterans,  as  many  as  50%  of  those  who  have  experienced 
rape,  and  50  to  75%  of  prisoners  of  war  who  were  torture 
victims  develop  PTSD  (Yehuda  et  al.,  1998).  Given  the  fre- 
quent occurrence  of  war,  starvation,  forced  immigration,  ter- 
rorist activities,  and  ethnic  and  religious  conflict  that  has 
occurred  globally  in  the  recent  past,  it  is  painful  to  think  of 
the  number  of  cases  of  PTSD  around  the  world. 

Although  PTSD  is  clearly  related  to  the  intensity  of  the 
traumatic  event,  some  individuals  seem  far  more  susceptible 
than  others.  Clearly,  not  all  war  veterans  in  active  combat 
develop  PTSD,  nor  do  all  women  who  experience  rape.  Fam- 
ily studies  of  individuals  who  develop  PTSD  after  trauma 
show  that  as  many  as  74%  had  a family  history  of  psy- 
chopathology (PTSD,  anxiety,  depression,  or  antisocial 
behavior).  The  significantly  higher  concordance  among 
monozygotic  twins  than  dizygotic  twins  further  supports  the 
genetic  vulnerability  model.  The  interaction  of  family  histo- 
ry and  the  magnitude  of  trauma  is  suggested  by  the  fact  that 
under  conditions  of  high  stress,  people  with  a family  history 
of  PTSD  may  be  only  slightly  more  vulnerable  to  PTSD. 
However,  when  the  magnitude  of  trauma  is  less  intense,  bio- 
logically vulnerable  individuals  are  significantly  more  likely 
to  show  signs  of  the  disorder.  One  possibility  is  that  vulnera- 
ble individuals  may  perceive  events  as  more  traumatic  than 
other  individuals. 

Children  who  have  parents  with  PTSD  have  an  increased 
risk  for  PTSD  and  also  tend  to  have  lower-than-normal 
blood  cortisol  (a  stress  hormone).  The  hormonal  difference 
may  be  a marker  that  predicts  vulnerability.  Although  on  the 
surface  it  seems  odd  to  have  low  stress  hormones  associated 
with  an  anxiety  disorder,  it  is  possible  that  the  normal  feed- 
back mechanism  that  turns  off  cortisol  secretion  is  hyper- 
sensitive in  PTSD.  Yehuda  and  colleagues  (2000)  show  that 
in  the  high-risk  population  of  Holocaust  survivor  offspring, 
those  who  both  developed  PTSD  themselves  and  had  a par- 
ent with  PTSD  had  the  lowest  levels  of  cortisol  (shown  in 
Figure  17.4).  Those  whose  parents  had  PTSD  but  did  not 
themselves  show  PTSD  had  intermediate  levels,  and  those 
who  neither  had  a family  history  of  PTSD  nor  had  symp- 
toms themselves  had  cortisol  levels  equal  to  controls.  While 
there  is  almost  certainly  a genetic  contribution  to  this  sus- 
ceptibility, the  extent  of  social  support  after  the  trauma  may 
also  be  a significant  factor.  An  additional  factor  that  increas- 
es the  risk  of  not  only  PTSD  but  also  other  anxiety  disorders 


□ Controls  (N  = 15) 

HI  Holocaust 

n offspring 

h 

No  parental  Parental  Parental 

PTSD;  PTSD;  PTSD; 

no  PTSD  no  PTSD  PTSD 

(N  = 11)  (N  = 14)  (N  = 10) 

Figure  1 7.4  Average  blood  cortisol  levels  in  several 
groups  of  offspring  of  Holocaust  survivors  and  control 
subjects  Subjects  with  no  parental  history  of  PTSD  and  no 
PTSD  themselves  had  similar  cortisol  levels  to  controls.  A family 
history  of  PTSD  was  associated  with  reduced  cortisol  in  the 
absence  of  symptoms.The  lowest  cortisol  levels  occurred  in 
subjects  with  PTSD  who  also  had  a family  history  of  the  disor- 
der. (After  Yehuda  et  al.,  2000.) 


and  associated  depression  is  a history  of  chronic  stress, 
abuse,  or  trauma. 

Obsessive-compulsive  disorder  Have  you  ever  made  an 
attempt  to  forget  some  peculiar,  sexual,  or  aggressive  thought 
and  found  the  thought  recurring  over  and  over?  Have  you  ever 
checked  your  alarm  clock  before  you  got  ready  for  bed  and 
then  felt  compelled  to  check  it  again  and  again  before  you 
climbed  into  the  sack  even  though  you  know  you  set  it  cor- 
rectly? Having  experienced  those  normal  events  will  help  you 
begin  to  understand  obsessive-compulsive  disorder  (OCD). 
However,  while  these  examples  are  trivial  ones,  OCD  is  any- 
thing but  trivial.  It  is  a severe,  chronic  psychiatric  problem  that 
may  require  hospitalization,  or  in  the  most  extreme  cases  psy- 
chosurgery, to  control  the  symptoms.  The  disorder  is  charac- 
terized by  recurring,  persistent,  intrusive,  and  troublesome 
thoughts  of  contamination,  violence,  sex,  or  religion  (obses- 
sions) that  the  individual  tries  to  resist  but  which  cause  a great 
deal  of  anxiety,  guilt,  and  shame.  Compulsions  are  repetitive 
rituals  considered  attempts  to  relieve  the  tremendous  anxiety 
generated  by  the  obsessive  thoughts,  although  they  may  be 
directly  related  or  totally  unrelated  to  the  obsessive  ideas.  In 
the  first  instance,  an  individual  may  wash  his  hands  hundreds 
of  times  a day  until  the  skin  is  raw  and  bleeding  because  of  an 
obsession  about  contracting  a fatal  disease.  Other  compulsions 
are  unrelated  to  obsessions;  they  may  involve  meaningless 
repetitive  acts  like  counting  each  crack  in  the  sidewalk,  jump- 
ing through  doorways,  or  chewing  each  bite  of  food  100  times 
because  of  the  belief  that  a family  member  may  otherwise 
become  fatally  ill.  Figure  17.5  shows  the  incidence  of  particular 
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(A)  Obsessions 


Primary  symptom:  Preoccupation  with 


Percent  of  patients  reporting 


Dirt,  germs,  or  environmental  toxins 

Something  terrible  happening  (fire,  death,  or 
illness) 

Symmetry,  order,  or  exactness 
Excessive  praying  or  religious  concern 
Bodily  wastes  or  secretions 

Lucky  or  unlucky  numbers 

Forbidden,  aggressive,  or  perverse  sexual 
thoughts 

Fear  might  harm  others  or  oneself 
Intrusive  nonsense  sounds,  words,  or  music 


Ritualized  hand  washing,  bathing,  or  grooming 

Repeating  rituals  (going  in  or  out  of  a door,  up  or 
down  from  a chair) 

Checking  (doors,  locks,  stove,  appliances, 
emergency  brake) 

Rituals  to  remove  contact  with  contaminants 
Measures  to  prevent  harm  to  self  or  others 
Ordering  or  arranging 
Counting 

Hoarding  or  collecting  rituals 

Rituals  of  cleaning  household  or  inanimate  objects 


Figure  1 7.5  Occurrence  of  OCD  symptoms  Percentage  of  child  and  adolescent 
patients  reporting  particular  obsessions  and  compulsions  as  their  chief  symptom.  (After 
Rapoport,  1989.) 


obsessions  and  compulsions  in  a population  of  young  patients  nized  by  sufferers  as  inappropriate  or  irrational  and  consume 


astrous  consequences  will  occur.  These  activities  are  recog'  tress  but  is  often  left  untreated  because  the  individual  is  so 
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(B)  Compulsions 


Primary  symptom 


Percent  of  patients  reporting 


0 20  40  60  80  100 


with  OCD.  Regardless  of  the  compulsion,  the  individual  is  most  of  their  waking  hours,  yet  they  feel  forced  to  do  them 

convinced  that  unless  the  compulsive  ritual  is  completed,  dis'  against  their  will.  The  disorder  causes  intense  emotional  dis- 
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ashamed  of  the  symptoms  he  recognizes  as  irrational  or  biz- 
zare.  Only  when  the  symptoms  become  extreme  is  help 
sought.  Although  once  considered  rare,  the  lifetime  prevalence 
of  OCD  is  now  estimated  at  2 to  3%. 

OCD  is  described  as  an  anxiety  disorder  because  patients 
experience  extreme  anxiety  unless  they  perform  their  com- 
pulsive behaviors,  but  some  researchers  suggest  that  it  is  fun- 
damentally an  uncontrolled  motor  disorder.  Rapoport 
(1989)  and  others  believe  that  many  of  the  symptoms  involve 
behavior  patterns  that  resemble  species-typical  behaviors  of 
other  animals  such  as  grooming,  nest  building,  and  defen- 
sive behaviors.  It  is  possible  that  these  repetitive  actions  of 
OCD  are  behaviors  that  are  “wired  in”  and  are  released 
because  they  are  not  adequately  inhibited  by  the  cerebral  cor- 
tex. Furthermore,  we  find  that  people  with  OCD  often  suf- 
fer from  other  movement  disorders  including  Tourette’s  syn- 
drome, Sydenham’s  chorea,  and  Parkinson’s  disease.  Each  of 
these  has  uncontrolled  movements  as  a characteristic  symp- 
tom and  each  involves  the  function  of  the  basal  ganglia. 
Positron  emission  tomography  (PET)  scans  show  high  levels 
of  metabolic  activity  in  the  basal  ganglia  and  other  areas  of 
the  brain  in  OCD  patients  compared  to  controls.  Box  17.1 
explains  more  about  the  neurobiology  of  OCD. 

Animal  models  of  anxiety  are  useful 
for  drug  testing 

In  Chapter  4 we  described  several  testing  procedures  that  use 
naturalistic  (rather  than  trained)  behaviors  to  quantify  anx- 
iety. Those  tests  included  the  light-dark  crossing  test,  which 
depends  on  rodents’  inherent  tendency  to  avoid  brightly  lit 
areas  while  preferring  the  darkened  compartment.  Antianxi- 
ety drugs  significantly  increase  the  amount  of  time  spent  in 
the  lit  side.  Further,  the  relative  potencies  of  antianxiety 
drugs  in  increasing  the  number  of  light-dark  transitions  is 
correlated  with  their  clinical  potency.  In  a similar  manner, 
rodents  in  the  elevated  plus-maze  prefer  to  spend  time  in 
the  arms  that  have  protective  sides  and  naturally  avoid  those 
arms  that  are  open.  Drug-induced  anxiety  reduction  increas- 
es the  time  spent  in  the  open  arms.  In  another  naturalistic 
task,  more  fearful  animals  will  spend  less  time  investigating 
other  animals  in  the  social  interaction  test. 

The  water-lick  suppression  test  is  a conflict  procedure 
that  reliably  screens  anxiety- reducing  drugs  while  requiring 
little  training  of  the  animals.  Rats  deprived  of  water  quickly 
learn  to  lick  the  tip  of  a metal  drinking  spout  for  liquid.  Dur- 
ing testing,  the  animals  are  given  the  opportunity  to  drink 
from  the  spout  for  a 3 -minute  session.  However,  after  every 
20  licks  the  rats  receive  a mild  tongue  shock,  which  causes 
them  to  suppress  responding.  The  conflict  between  the  urge 
to  lick  the  spout  and  the  desire  to  avoid  the  shock  is  a classic 
paradigm  for  anxiety.  Pretreatment  with  anxiety-reducing 
drugs  prevents  the  lick  suppression. 


Other  experimental  designs  for  assessing  the  effectiveness 
of  antianxiety  drugs  involve  operantly  trained  behaviors  such 
as  lever  pressing  for  reinforcement.  In  these  experiments, 
warning  cues  precede  electric  shocks  to  the  feet,  which  tem- 
porarily suppress  all  behavior  including  lever  pressing.  The 
cues  become  classically  conditioned  to  the  shock  onset  (see 
the  discussion  on  conditioned  emotional  response  in  the  sec- 
tion on  measures  of  fear  in  Chapter  4),  and  so  in  subsequent 
sessions  the  cue  causes  cessation  of  lever  pressing  (condi- 
tioned-response suppression).  One  very  consistent  finding 
is  that  clinically  useful  anxiolytic  drugs  increase  the  respond- 
ing after  the  cued  warning.  That  is,  the  behavior  that  is  nor- 
mally suppressed  by  punishment  is  disinhibited  by  anxiolyt- 
ics. If  you  make  the  assumption  that  overly  anxious 
individuals  are  excessively  concerned  with  the  many  possible 
bad  results  (punishment)  of  their  actions,  then  the  model  has 
reasonable  face  validity.  Operant  tests  of  this  type  have  two 
major  disadvantages:  (1)  They  are  much  more  time-con- 
suming because  of  the  training  required,  and  (2)  they  are 
evaluating  a behavior  that  is  artificially  contrived  rather  than 
naturally  occurring.  Nevertheless,  they  have  been  used  as 
screening  devices  for  many  years  and  have  proved  to  be  quite 
sensitive  and  specific  to  anxiolytic  drug  effects.  Figure  17.6 


(mg /kg) 

Figure  1 7.6  Correlation  of  drug  potency  in  rat  anticon- 
flict test  with  clinical  potency  Drugs  that  increase  punished 
behaviors  in  the  operant  conflict  test  at  low  doses  are  also  clini- 
cally useful  for  treating  anxiety  in  patients  at  low  doses.  Less 
potent  anticonflict  drugs  also  require  higher  doses  to  be  effec- 
tive for  human  anxiety. The  drugs  tested  include  benzodi- 
azepines (diazepam,  oxazepam,  chlordiazepoxide),  barbiturates 
(phenobarbital,amobarbital),and  a barbiturate-like  anxiolytic 
(meprobamate).  (After  Cook  and  Sepinwall,  1 975.) 
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BOX  17.1 


Clinical  Applications 


Neurobiological 
Model  of  OCD 


Several  lines  of  evidence  support  a 
neurobiological  model  of  OCD  (Saxe- 
na  and  Rauch,  2000;  Stein,  2000)  that 
includes  abnormalities  in  a neural 
loop  connecting  the  basal  ganglia 
(caudate  and  globus  pallidus), frontal 
lobe  (particularly  orbitofrontal),  thala- 
mus, and  anterior  cingulate  cortex 
(Figure  A).  First,  computerized  tomog- 
raphy (CT)  scans  of  the  brains  of  OCD 
patients  show  significant  differences 
in  the  caudate, an  area  that  normally 
helps  to  sequence  and  elaborate 
behaviors.  Abnormal  function  of  the 
caudate  might  produce  OCD  symp- 
toms such  as  stereotyped  behavior 
and  perseveration  (the  inability  to 
turn  one's  attention  to  new  situa- 
tions). Further,  the  repetitive,  aimless, 
and  stereotypic  behaviors  observed 
in  animals  following  amphetamine 
and  cocaine  administration  provide 
empirical  support  for  the  importance 
of  dopamine  in  the  caudate-putamen 
(see  Chapter  11). 

Second,  PET  and  single-photon 
emission  computerized  tomography 
(SPECT)  studies  show  distinct  patterns 
of  glucose  metabolism  in  the  basal 
ganglia  and  frontal  lobes  (prefrontal 
and  orbitofrontal)  of  patients  with 
OCD  that  are  correlated  with  the 
severity  of  symptoms  (Rapoport, 

1 989). The  abnormal  cell  activity 
increases  when  feared  stimuli  are  pre- 
sented to  the  patients.  Since  frontal 
lobes  modulate  functions  such  as 
planning,  regulating,  controlling,  and 
evaluating  behaviors,  it  seems  plausi- 
ble that  dysfunction  might  be  respon- 
sible for  reduced  response  inhibition 
and  inflexible  behavior.  Increased 
neural  activity  of  the  anterior  cingu- 
late cortex  also  has  been  linked  to 
compulsive  behavior. 


internal  segment 

(A)  The  neural  network  involved  in  OCD  includes  the  caudate  (part  of  the  basal  gan- 
glia), which  lies  under  the  cerebral  cortex  but  has  rich  connections  to  the  frontal  lobe  and 
the  cingulate  cortex  as  well  as  to  the  subcortical  thalamus. 


Third,  pharmacotherapy  with  an 
SSRI  or  cognitive  behavior  therapy  that 
significantly  decreases  symptoms  also 
decreases  regional  cerebral  metabo- 
lism or  blood  flow.Those  areas  with  the 
greatest  change  once  again  include  the 
caudate,  anterior  cingulate, 
orbitofrontal  cortex,  and  thalamus  (Fig- 
ure B).  8 to  1 2 weeks  of  treatment  with 
the  SSRI  paroxetine  decreased  striatal 
metabolism  in  OCD  patients  who 
showed  symptom  reduction  of  more 
than  25%  compared  to  those  who 
showed  no  improvement.  In  contrast, 
patients  effectively  treated  for  both 
OCD  and  major  depression  showed  an 
increase  in  striatal  activity  compared  to 
nonresponders.These  results  suggest 


that  SSRIs  produce  brain  metabolic 
responses  that  are  specific  to  both  the 
disorder  and  also  to  the  therapeutic 
response  (Saxena  et  al.,  2002).The  SSRIs 
may  be  effective  for  OCD  because  they 
enhance  the  activity  of  the  serotoner- 
gic neurons  of  the  raphe  nuclei,  which 
interrupts  the  neural  loop  by  inhibiting 
cell  firing  in  the  caudate. 

The  most  compelling  evidence  for 
the  overactive-circuit  model  comes 
from  neurosurgical  procedures.  Neu- 
rosurgery that  destroys  the  anterior 
cingulate  (Figure  C)  or  severs  the  con- 
nection between  the  frontal  cortex 
and  subcortical  areas,  including  the 

(continued  on  next  page) 
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BOX  17.1  (continued) 


(B)  PET  scans  of  the  brains  of  patients  with  OCD  show  hyperactivity  in  the  head  of 
the  caudate.  Both  SSRI  treatment  (bottom  left)  and  cognitive  therapy  (bottom  right) 
reduce  the  hyperactivity  in  the  caudate  compared  to  pretreatment  levels  (top  left  and 
right).  (From  Baxter  et  al.,  1 992.) 


basal  ganglia  and  the  thalamus,  is 
successful  in  relieving  symptoms  in 
50  to  70%  of  cases  (Mindus  et  al., 

1 994).  It  appears  that  interrupting  the 
circuitry  at  any  one  of  several  points 
may  relieve  symptoms  of  OCD. These 
results  demonstrate  the  importance 
of  considering  the  functional  interac- 
tion of  multiple  brain  areas  when 


looking  for  the  biological  basis  of  any 
psychiatric  disorder.  Understanding 
the  neural  network  associated  with 
behavior  also  means  that  psy- 
chopharmacology can  be  used  to 
target  the  symptoms  at  multiple 
sites  by  modulating  the  synaptic 
connections. 


Horizontal  view 


Sagittal  view 


(C)  Magnetic  resonance  image  (MRI)  of 
the  brain  of  a patient  with  OCD  The 

patient  had  neurosurgery  to  disrupt  the 
neural  connections  of  the  cingulate  cortex 
(see  arrows)  from  the  frontal  cortex,  basal 
ganglia,  and  thalamus.  (From  Martuza  et  al., 
1 990;  courtesy  of  Robert  L.  Martuza.) 


shows  the  strong  correlation  between  the  effectiveness  of 
anxiolytic  drugs  from  several  classes  in  a conflict  procedure 
and  the  potency  of  these  drugs  in  clinical  trials  with  human 
patients. 


Drugs  for  Treating  Anxiety 

Drugs  that  are  used  to  relieve  anxiety  are  called  anxiolytics. 
Many  belong  to  the  class  of  sedative-hypnotics,  which  is 
part  of  a still  larger  category,  the  CNS  depressants.  CNS 
depressants  include  the  barbiturates,  the  benzodiazepines, 
and  alcohol.  All  of  these  drugs  reduce  neuron  excitability  by 
enhancing  the  inhibitory  effects  of  the  amino  acid  neuro- 
transmitter GABA  (y-aminobutyric  acid).  As  you  may  know, 


the  oldest  known  anxiety-reducing  drug  is  alcohol,  and  it  is 
still  popular  as  an  over-the-counter  remedy  for  stress  (see 
Chapter  9).  However,  because  it  is  difficult  to  administer  in 
accurate  doses  and  has  a very  poor  therapeutic  index,  it  has 
no  medical  use. 

To  be  considered  an  anxiolytic,  a drug  should  relieve  the 
feelings  of  tension  and  worry  and  signs  of  stress  that  are  typ- 
ical of  the  anxious  individual.  As  we  saw  in  animal  models, 
drugs  in  this  class  increase  behaviors  that  are  normally  sup- 
pressed by  anxiety  or  punishment.  Drugs  that  relieve  anxi- 
ety often  also  produce  a calm  and  relaxed  state,  with  drowsi- 
ness and  mental  clouding,  incoordination,  and  prolonged 
reaction  time.  At  higher  doses  these  drugs  also  induce  sleep, 
and  they  are  therefore  sometimes  called  hypnotics  (Figure 
17.7).  At  the  highest  doses  CNS  depressants  induce  coma  and 
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death,  although  even  at  therapeutic  doses  they  can  be  fatal  if 
combined  with  other  drugs.  Selected  sedative-hypnotics  also 
reduce  seizures  and  may  be  used  to  treat  epilepsy.  Others 
produce  muscle  relaxation  as  needed  to  treat  muscle  spasms, 
for  example,  following  an  auto  accident. 

Barbiturates  are  the  oldest  sedative  hypnotics 

Sodium  amytal  was  the  first  barbiturate,  but  as  many  as  50 
others  with  different  profiles  of  bioavailability  were  devel- 
oped. The  pharmacokinetic  factors  of  absorption,  distribu- 
tion, and  metabolism  described  in  Chapter  1 determine  each 
drugs  onset  of  effect  and  duration  of  action,  and  it  is  on  this 
basis  that  the  drugs  are  classified  into  three  groups.  Because 


Figure  1 7.7  Dose-dependent  effects  of  CNS  depressants 
on  levels  of  consciousness  With  increasing  doses,  the  level  of 
awareness  and  arousability  gradually  decreases  along  a contin- 
uum until  death  occurs. 


the  barbiturates  have  essentially  been  replaced  by  the  benzo- 
diazepines in  the  treatment  of  anxiety  disorders,  our  discus- 
sion of  these  drugs  will  be  brief. 

Pharmacokinetics  All  of  the  barbiturates  have  a similar 
basic  ring  structure  (Figure  17.8)  but  vary  in  the  length  and 
complexity  of  the  side  chain  attached  to  the  ring.  These 
molecular  differences  are  responsible  for  their  differences  in 
lipid  solubility.  The  ultrashort-acting  barbiturates  such  as 
thiopental  (Pentothal)  and  hexobarbital  (Evipal)  are  highly 
lipid  soluble  and  readily  penetrate  into  the  brain  to  put  an 
individual  to  sleep  within  10  to  20  seconds  when  intra- 
venously administered.  Consciousness  returns  in  about  20  to 
30  minutes  because  of  the  redistribution  of  drug  to  inactive 
drug  depots  in  muscle  and  fat. 

The  short/intermediate-acting  barbiturates  are  moderate- 
ly lipid  soluble  and  take  longer  to  reach  significant  brain  levels. 
They  are  likely  to  produce  relaxation  and  sleep  in  about  20  to 
40  minutes  and  last  about  5 to  8 hours.  Their  moderate  lipid 
solubility  is  also  responsible  for  their  longer  duration  of  action 
because  termination  depends  more  on  liver  metabolism  than 
on  redistribution,  which  is  characteristic  of  very  lipid-soluble 
drugs.  This  group  (including  amobarbital  [Amytal]  and  seco- 
barbital [Seconal])  is  most  likely  to  be  prescribed  for  insomnia 
but  also  includes  those  drugs  most  likely  to  be  abused. 
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Figure  1 7.8  Chemical  structure  of  the  barbiturates  The  barbiturates  all  have  a simi- 
lar molecular  ring  structure  (highlighted  in  orange)  with  distinct  side  chains  that  affect 
their  lipid  solubility.  Each  drug's  lipid  solubility  determines  how  quickly  it  enters  the  brain, 
binds  to  drug  depots,  and  is  metabolized. 
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TABLE  1 7.3  Duration  of  Action  and  Uses  of  Major  Barbiturates 


Duration  of  action 

Lipid  solubility 

Onset 

Duration 

Use 

Ultrashort 

Thiopental  (Pentothal) 
Methohexital  (Brevital) 

High 

10-20  s 

20-30  min 

Intravenous  anesthesia 

Short/intermediate 
Amobarbital  (Amytal) 
Secobarbital  (Seconal) 
Pentobarbital  (Nembutal) 

Moderate 

20-40  min 

5-8  h 

Surgical  anesthesia  and 
sleep  induction 

Long 

Phenobarbital  (Luminal) 
Mephobarbital  (Mebaral) 

Low 

Over  1 h 

10-12 h 

Prolonged  sedation  and 
seizure  control 

Finally,  the  long-acting  drugs  have  poor  lipid  penetration, 
so  their  onset  takes  an  hour  or  more,  but  their  slow  metabo- 
lism produces  prolonged  action  for  10  to  12  hours.  These 
characteristics  are  optimal  for  treating  seizure  disorders 
because  a stable  blood  level  can  be  maintained.  Phenobarbi- 
tal  (Luminal)  is  commonly  used  in  this  way.  Table  17.3  sum- 
marizes these  characteristics  and  provides  examples. 

Side  effects  Although  barbiturates  readily  induce  sleep,  it 
is  not  a normal,  restful  sleep.  The  drugs  alter  sleep  architec- 
ture by  reducing  the  amount  of  REM  (rapid  eye  movement) 
sleep  and  causing  a rebound  in  REM  after  withdrawal. 

Second,  the  anxiolytic  effects  of  these  drugs  are  accompa- 
nied by  pronounced  cognitive  side  effects  including  mental 
clouding,  loss  of  judgment,  and  slowed  reflexes,  making  driv- 
ing particularly  dangerous.  High  doses  also  lead  to  gross  intox- 
ication, staggering,  jumbled  speech,  and  impaired  thinking. 
Coma  and  death  due  to  respiratory  depres- 
sion occur  at  10  to  20  times  the  normal  ther- 
apeutic dose.  These  drugs  are  extremely  dan- 
gerous when  combined  with  alcohol. 

Third,  when  used  repeatedly  barbiturates 
increase  the  number  of  liver  microsomal 
enzymes.  This  increase  enhances  drug 
metabolism,  producing  lower  blood  levels 
(metabolic  tolerance)  and  reduced  effective- 
ness. Since  the  same  liver  enzymes  metabo- 
lize many  other  drugs,  cross-tolerance  dimi- 
nishes the  effectiveness  of  other  drugs  as 
well.  Further,  pharmacodynamic  tolerance 
occurs  when  CNS  neurons  adapt  to  the  pres- 
ence of  the  drug  and  become  less  responsive 
with  chronic  drug  use.  Mood  changes  and 
sedation  seem  to  show  the  greatest  and  most 
rapid  tolerance,  while  the  lethal  respiratory- 
depressant  action  of  the  drug  does  not  show 
tolerance  at  all.  Therefore,  as  one  gradually 
increases  the  dose  of  drug  needed  to  achieve 
a desired  effect,  the  margin  of  safety  (thera- 
peutic index)  becomes  less  (Figure  17.9). 


Fourth,  barbiturates  produce  significant  physical  depend- 
ence and  potential  for  abuse.  Terminating  drug  use  after 
extended  treatment  produces  a potentially  fatal  rebound 
hyperexcitability  withdrawal  syndrome  similar  to  that  for 
alcohol.  Although  gradual  reduction  in  the  dose  of  the  drug 
will  decrease  the  intensity  of  withdrawal,  because  receptors 
are  not  suddenly  deprived  of  the  drug  molecule,  the  with- 
drawal syndrome  will  be  longer  in  duration. 

Illicit  use  Despite  their  high  cost,  the  short/intermediate- 
acting barbiturates  like  Seconal,  Nembutal,  and  Amytal  have 
been  popular  with  drug  abusers,  who  refer  to  them  as  red 
devils,  yellow  jackets,  and  blue  angels,  respectively,  based  on 
the  color  of  the  capsules.  Table  17.4  provides  some  of  the 
more  common  street  names.  The  potent  reinforcing  effect  of 
these  drugs  is  demonstrated  by  the  high  rate  of  self-adminis- 
tration found  in  rats  and  monkeys  tested  in  an  operant 


Initial  drug 


> Tolerance 


Figure  1 7.9  Margin  of  safety  Dose-response  curves  for  the  barbiturate- 
induced  desired  effect  (mood  change  or  sedation)  and  lethal  respiratory  depres- 
sion.The  top  panel  shows  that  with  early  drug  use  (nontolerant)  the  individual 
experiences  mood  effects  without  significant  respiratory  depression.  However,  as 
tolerance  develops  with  repeated  use  (bottom  panel),  larger  amounts  of  drug  are 
needed  to  experience  the  mood  change  (the  curve  shifts  to  the  right)  but  no 
change  in  the  dose  causing  depression  of  respiration  occurs.The  margin  of  safety 
shrinks  dramatically  in  the  tolerant  individual. 
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TABLE  1 7.4  Street  Names  for  Various  Barbiturates 


tion.  It  has  a low  incidence  of  tolerance,  a less  severe 


Type  of  barbiturate0 

Street  name 

Pentobarbital  (Nembutal) 

Abbotts,  blockbusters,  nebbies, 
nembies,  yellow  bullets,  yellow 
dolls,  yellow  jackets,  yellows 

Amobarbital  (Amytal) 

Blue  angels,  bluebirds,  blue  bullets, 
blue  devils,  blue  dolls,  blue  heavens, 
blues 

Secobarbital  (Seconal) 

F-40s,  Mexican  reds,  R.D.s,  redbirds, 
red  bullets,  red  devils,  red  dolls, 
reds,  seggies,  pinks 

Secobarbital  and  amobarbital 
(Tuinal) 

Christmas  trees,  double  trouble, 
gorilla  pills,  rainbows,  tootsies, 
trees 

Barbiturates  in  general 

Downers,  goofballs,  G.B.s,  idiot  pills, 
King  Kong  pills,  peanuts,  pink 
ladies,  sleepers,  softballs,  stumblers 

illicit  “barbiturate”  capsules  often  contain  a combination  of  several  other  sub- 
stances such  as  strychnine,  arsenic,  laxatives,  or  sugar. 


withdrawal  syndrome  than  barbiturates,  and  a very 
safe  therapeutic  index.  Within  a few  years  diazepam 
(Valium),  oxazepam  (Serax),  flurazepam  (Dalmane), 
and  at  least  a dozen  other  chemically  related  drugs 
were  developed. 

Pharmacokinetics  All  BDZs  have  a common 
molecular  structure  (Figure  17.10)  and  similar  mech- 
anism of  action.  As  was  true  for  the  barbiturates,  the 
choice  of  a particular  benzodiazepine  for  a given  ther- 
apeutic situation  depends  primarily  on  the  speed  of 
onset  and  duration  of  drug  action.  Their  duration  of 
action  is  determined  by  (1)  differences  in  their 


chamber.  Street  use  in  humans  frequently  involves  oral  inges- 
tion of  high  doses  in  a binge  fashion  that  may  be  a substitute 
for  alcohol  or  in  combination  with  alcohol  (a  particularly 
dangerous  practice)  to  enhance  the  effect.  Other  users  inject 
the  barbiturate  intravenously  to  produce  a “high”  similar  to 
that  achieved  with  heroin.  Injected  barbiturates  may  then 
replace  heroin  if  the  preferred  drug  is  unavailable,  or  the  two 
drugs  may  be  taken  in  combination.  However,  there  is  no 
cross  dependence  between  barbiturates  and  heroin  or  other 
opiates,  so  opiate  withdrawal  is  not  specifically  reduced  by 
barbiturate  use.  Simultaneous  use  of  a CNS  stimulant  like 
amphetamine  and  a barbiturate  apparently  produces  an 
unusual  mood  elevation  that  is  “smoother”  than  with  the 
stimulant  alone.  Other  users  take  “uppers”  in  the  day  and,  to 
compensate  for  the  stimulant-induced  insomnia,  a barbitu- 
rate at  night.  Clearly  these  drug  combinations  create  partic- 
ularly hazardous  situations:  acute  drug  interactions  as  well 
as  significant  potential  for  chronic  dependence. 

The  high  incidence  of  side  effects  and  lethality,  rapid  tol- 
erance, and  great  abuse  potential  of  barbiturates  prompted 
the  search  for  a novel  anxiolytic  drug  without  these  undesir- 
able characteristics.  The  benzodiazepines  were  introduced  in 
1960  and  in  general  have  replaced  the  prescription  of  barbi- 
turates. The  decline  in  prescriptions  for  barbiturates  over  the 
years  has  made  these  drugs  less  available  and  caused  a paral- 
lel decline  in  abuse. 


Benzodiazepines  are  highly  effective 
for  anxiety  reduction 

The  first  benzodiazepine  (BDZ)  to  be  introduced  was  chlor- 
diazepoxide  (Librium).  It  represented  the  first  true  anxiolyt- 
ic that  targeted  anxiety  without  producing  excessive  seda- 


C1 


Cl 


azepine  receptor  antagonist 
Flumazenil  flumazenil.The  common  BDZ 

structure  is  highlighted  in  blue. 


424  Chapter  17 


Phase  I 


Phase  II 


Long-acting  BDZs  Active  metabolites 
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Figure  1 7.1 1 Benzodiazepine  metabolism 

The  long-acting  BDZs  (lavender)  undergo  sev- 
eral metabolic  changes  (Phase  I)  that  create 
active  metabolites  (A)  before  finally  being  con- 
jugated (Phase  II)  with  glucuronide  to  form 
water-soluble  inactive  metabolites  (green)  that 
are  excreted.These  drugs  remain  in  the  body 
for  long  periods  of  time. The  short-acting  BDZs 
(yellow)  are  often  metabolized  in  a single  step 
by  conjugation  with  glucuronide  to  an  inactive 
metabolite  and  cleared  quickly  from  the  body. 
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method  of  biotransformation  and  (2)  the  extent  of  redistri- 
bution to  inactive  depots  such  as  skeletal  muscle  and  fat.  The 
long-acting  BDZs  undergo  several  metabolic  steps  to  pro- 
duce multiple  active  metabolites  that  may  have  half-lives  of 
60  hours  or  more  (Figure  17.11).  These  can  be  problematic 
for  elderly  individuals,  who  may  rapidly  accumulate  drug  in 
the  body  because  of  their  reduced  metabolic  capacity.  The 
short-acting  BDZs,  such  as  midazolam  (Versed)  and 
lorazepam  (Ativan),  are  metabolized  in  one  step  into  inac- 
tive metabolites  by  conjugation  with  glucuronide.  Redistri- 
bution also  contributes  to  the  short  duration  of  action  by 
reducing  the  amount  of  drug  available  to  act  on  the  CNS. 
The  slow  release  from  inert  depots  back  into  circulation  is 
responsible  for  any  drug  hangover  effects  that  might  occur. 

Therapeutic  effects  Unlike  barbiturates,  the  BDZs  cannot 
be  used  for  deep  anesthesia,  but  they  are  useful  for  presurgical 
anesthesia  during  which  the  patient  is  conscious  but  less  aware 
of  his  surroundings  and  quite  relaxed.  They  are  also  common- 
ly used  before  major  dental  work  as  well  as  for  a wide  range  of 
stressful  diagnostic  procedures.  One  of  the  newer  benzodi- 
azepines is  midazolam  (Versed),  used  for  rapid  onset  of  relax- 
ation and  deep  sleep  during  brief  surgical  procedures  done 
with  local  anesthetics.  Because  it  has  a short  half-life,  recovery 
takes  only  a few  hours  without  hangover.  It  also  induces  an 
anterograde  amnesia  that  creates  an  illusion  of  anesthesia  in 
some  patients,  which  is  considered  a beneficial  drug  effect. 

In  other  cases,  however,  the  drug-induced  amnesia  is 
highly  undesirable.  Recently  a benzodiazepine  that  is  mar- 
keted outside  the  United  States  as  a sleep  aid  has  been  ille- 
gally imported  and  used  as  a “date  rape”  drug.  Flunitrazepam 


(Rohypnol)  is  quite  potent  and,  when  combined  with  alco- 
hol, impairs  judgment  and  causes  amnesia  along  with  signif- 
icant sedation.  There  have  been  a limited  number  of  reports 
of  women  who  have  been  sexually  assaulted  and  found 
themselves  in  unfamiliar  locations  with  no  memory  of  the 
events  surrounding  the  attack.  Although  such  situations  pro- 
duced serious  concern  on  college  campuses  and  at  social 
establishments  serving  alcohol,  the  number  of  documented 
cases  is  quite  small  and  the  risk  is  low.  However,  because  of 
the  illicit  use,  the  U.S.  Drug  Enforcement  Administration  has 
classified  flunitrazepam  as  a Schedule  I drug,  (i.e.,  a drug 
with  high  potential  for  abuse  and  no  medical  use).  (See 
Chapter  15  for  more  on  other  “date  rape”  drugs.) 

The  most  popular  use  for  BDZs  is  anxiety  relief.  Benzo- 
diazepines relieve  the  sense  of  worry  and  fearfulness  as  well 
as  the  physical  symptoms  associated  with  anxiety  with  less 
mental  clouding,  loss  of  judgment,  and  motor  incoordina- 
tion than  is  typical  of  other  sedative-hypnotics.  The  mild 
sedation  that  accompanies  use  of  some  of  the  BDZs  decreas- 
es with  repeated  use  over  a week  to  10  days,  but  little  or  no 
tolerance  occurs  for  the  antianxiety  effects.  Nevertheless,  in 
older  individuals  with  slower  drug  metabolism  excessive 
confusion  and  reduced  cognitive  function  may  be  quite  seri- 
ous and  resemble  senile  dementia. 

Several  of  the  longer-acting  benzodiazepines  are  useful 
hypnotics.  BDZs  shorten  the  time  needed  to  fall  asleep  and 
increase  the  duration  of  sleep  time,  as  well  as  reduce  the 
number  of  nighttime  awakenings.  Despite  their  relative  safe- 
ty, all  sleep  medications  pose  potential  problems  (Box  17.2). 
Some  BDZs  are  useful  muscle  relaxants  and  others  are  anti- 
convulsants for  the  management  of  particular  forms  of 
epilepsy.  Intravenous  diazepam  is  the  treatment  of  choice  for 
status  epilepticus,  a period  of  severe  and  persistent  seizures 
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BOX  17.2 


Clinical  Applications 

Treating  Insomnia 


Sleep  is  an  altered  state  of  conscious- 
ness that  fascinates  laymen  and  scien- 
tists alike.  Although  all  mammals  and 
birds  engage  in  sleep,  we  do  not  really 
understand  why  sleep  is  important, 
although  recovery  from  brain  meta- 
bolic fatigue  and  memory  consolida- 
tion are  two  possibilities.  What  is 
apparent  is  that  the  need  for  sleep  is 
an  extraordinarily  powerful  motiva- 
tion. Although  human  beings  are 
quite  capable  of  starving  themselves 
to  death  by  overcoming  the  need  to 
eat,  the  need  to  sleep  cannot  be 
ignored. 

Sleep  is  not  a unidimensional  state 
but  consists  of  several  well-defined 
stages  of  consciousness  characterized 
by  distinct  brain  electrical  activity  pat- 
terns (Figure  A),  proceeding  from  doz- 
ing and  light  sleep  in  stages  1 and  2 
to  deep  and  restful  sleep  in  stages  3 
and  4 (slow-wave  sleep).  In  addition, 
another  type  of  sleep  occurs,  known 
as  rapid  eye  movement  (REM)  sleep. 


REM  sleep  is  characterized  by 
increased  heart  rate  and  respiration, 
loss  of  muscle  tone,  rapid  darting  eye 
movements,  and  brain  waves  that 
look  like  wakefulness.  If  the  individual 
is  wakened  during  REM  sleep,  she 
usually  reports  experiencing  a narra- 
tive-like dream. This  sleep  cycle 
repeats  four  or  five  times  a night,  with 
an  elongation  of  REM  periods  toward 
morning  and  a corresponding 
decrease  in  slow-wave  sleep  (see  Fig- 
ure A).The  sleep  architecture  is  quite 
similar  in  all  normal,  healthy  adults, 
but  there  are  large  interindividual  dif- 
ferences in  sleep  latency  (the  time  to 
fall  asleep)  that  vary  from  several  min- 
utes to  a half  hour  or  more.Total  sleep 
duration  is  also  highly  variable:  Some 
adults  need  8 to  1 0 hours  of  sleep  per 
night  to  feel  rested,  whereas  others 
need  only  5 or  6,  and  in  rare  instances 
only  2 to  3 hours.  When  you  fail  to 
sleep  the  optimum  number  of  hours 
in  a night,  you  become  sleep- 
deprived.  As  students, you  surely 
know  the  symptoms  of  sleep  depriva- 
tion: daytime  fatigue  and  drowsiness, 


impaired  performance,  irritability, and 
feelings  of  depression.  After  too  many 
nights  of  inadequate  sleep,  the  stress- 
es of  the  day  seem  more  troublesome 
and  the  joys  diminish.  Although  your 
sleep  deprivation  is  often  self- 
imposed, for  others  insomnia  can  be  a 
chronic  problem. 

Insomnia  is  defined  as  a failure  to 
fall  asleep,  an  inability  to  maintain 
sleep,  or  a dissatisfaction  with  the 
quality  of  sleep  that  leads  to  sleep 
deprivation.  Occasional  insomnia 
occurs  at  some  time  for  almost  every- 
one because  of  jet  lag,  time  changes 
in  work  schedules,  pain  or  illness,  hor- 
monal changes,  everyday  stresses,  or 
drug-induced  stimulation  (e.g.,from 
cold  medications).  Although  occa- 
sional sleep  deprivation  is  harmless, 
the  deprived  individual  may  con- 
tribute to  accidents,  lose  productivity, 
and  show  impaired  judgment.  As 
much  as  15%  of  the  population  have 
serious  and  chronic  insomnia. 

Generally, treating  insomnia 
involves  little  more  than  eliminating 
disruptive  stimuli  in  the  bedroom, 


(A)  A typical  sleep  pattern  of  a young  adult  Each  of  the 
sleep  stages  shown  on  the  right  is  correlated  with  a distinct 
electroencephalogram  recording  (left  side). The  time  in  REM 
sleep  is  shown  by  the  red  bars.  (After  Kelly,  1 991 .) 
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BOX  1 7.2  (continued) 

reducing  aches  and  pains,  and  avoid- 
ing such  drugs  as  caffeine,  alcohol, 
tobacco,  nasal  decongestants,  and  so 
forth.  Regular  physical  exercise  during 
the  day  and  a warm  bath  several 
hours  before  bedtime  may  help.  Sev- 
eral over-the-counter  sleep  aids  (e.g., 
Sominex  and  Unisom)  containing 
antihistamines  (H1  receptor  blockers) 
such  as  diphenhydramine  or  doxyl- 
amine  are  available. These  drugs  are 
normally  used  to  treat  allergies  but 
have  drowsiness  as  a side  effect. 
Although  some  people  consider  them 
to  be  effective,  laboratory  sleep  stud- 
ies show  that  they  do  not  have  a sig- 
nificant effect  on  inducing  or  sustain- 
ing sleep.  Furthermore,  rapid 
tolerance  and  potential  side  effects 
make  them  minimally  useful  at  best. 

In  cases  when  self-help  techniques 
do  not  improve  the  quality  of  sleep, 
prescription  drugs  can  be  very  effec- 
tive, but  at  a cost.  Compare  the  sleep 
patterns  for  an  individual  using  barbi- 
turate sleeping  pills  initially  and  then 
after  chronic  use  (Figure  B).  Initially, 
the  barbiturates  readily  induce  sleep 
and  decrease  spontaneous  awaken- 
ings,although  grogginess  and"hang- 
over"the  next  day  may  impair  func- 
tioning. With  chronic  nightly  use  and 


increased  doses,  however,  drug  toler- 
ance is  apparent  by  the  longer  sleep 
latency  (1  hour)  and  the  1 2 awaken- 
ings during  the  night.  Also,  both  REM 
sleep  and  the  most  restful  sleep 
(stages  3 and  4)  are  suppressed. 

When  the  drug  is  stopped,  the 
amount  of  REM  sleep  becomes 
greater  than  normal  and  the  charac- 
ter of  the  dreams  may  be  more 
intense,  producing  vivid  dreams  and 
nightmares  along  with  insomnia. 
Occasionally,  waking  "daymares" 
occur  that  cause  the  individual  to 
panic.Chronic  use  and  increased 
doses  also  increase  the  probability  of 
physical  dependence. 

Benzodiazepines  are  the  most- 
prescribed  hypnotics  because  those 
with  rapid  onset  and  short  action  are 
effective  in  helping  individuals  fall 
asleep  and  are  eliminated  from  the 
body  during  a normal  night's  sleep. 
The  slower-onset  and  longer-acting 
benzodiazepines  are  used  for  people 
who  fall  asleep  readily  but  suffer 
from  nighttime  or  early-morning 
waking.  Unfortunately,  the  longer- 
acting  drugs  are  also  more  likely  to 
cause  reduced  alertness  the  next  day 
since  they  remain  in  active  form  for 
longer  periods.  Drug  accumulation  is 


common  in  the  elderly,  who  metabo- 
lize BDZs  more  slowly,  leading  to 
incoordination  and  confusion  that 
resembles  dementia.  In  addition, 
although  benzodiazepines  are  con- 
sidered to  produce  a more  "natural" 
sleep  because  they  have  minimal 
effects  on  REM  episodes,  they  do 
apparently  increase  stage  2 sleep  at 
the  expense  of  the  more  restful  stage 
4.  Although  tolerance  and  physical 
dependence  are  less  than  with  barbi- 
turates, rebound  withdrawal  insom- 
nia often  occurs  after  chronic  use. 
More  importantly,  people  who  learn 
to  rely  on  drugs  to  induce  sleep  lie 
awake  at  night  worrying  that  they 
will  not  sleep  when  they  have  not 
taken  a pill. 

Recently, TV  advertising  has  pro- 
moted zolpidem  (Ambien)  as  the 
newest  sleep-inducing  drug.  Zolpi- 
dem is  a short-acting  nonbenzodi- 
azepine hypnotic  that  nevertheless 
binds  to  BDZ  receptors  on  the  GABA 
complex.  It  effectively  induces  seda- 
tion and  sleep,  but  has  no  specific 
anxiolytic,  anticonvulsant,  or  muscle- 
relaxing  effects.  Its  distinctive  activity 
may  be  explained  by  its  selective 
action  at  one  subtype  of  GABAa 
receptor  that  includes  the  BDZ1 


that  can  be  life-threatening.  BDZs  are  also  the  drugs  of 
choice  in  preventing  acute  alcohol  or  barbiturate  with- 
drawal symptoms,  including  seizures.  This  action  is  based  on 
the  cross  dependence  of  these  three  drugs;  hence  withdrawal 
from  any  one  of  them  can  be  terminated  by  administration 
of  any  of  the  others.  Since  withdrawal  from  heavy  alcohol  or 
barbiturate  use  can  produce  a life-threatening  situation,  the 
treatment  of  choice  is  to  substitute  a long-acting  benzodi- 
azepine (usually  Valium)  to  stop  the  abstinence  syndrome 
and  then  to  gradually  lower  the  dose  of  the  BDZ  over  several 
weeks  to  minimize  the  withdrawal. 

Advantages  over  other  sedative-hypnotics  Benzodi- 
azepines have  several  clear  advantages  over  the  older  barbi- 
turates. The  most  notable  advantage  is  the  high  therapeutic 
index.  Extremely  high  doses  produce  disorientation,  cogni- 
tive impairments,  and  amnesia  and  in  some  cases  a paradox- 
ical increase  in  aggressiveness,  irritability,  and  anxiety 


(Hobbs  et  al.,  1996).  However,  since  they  have  almost  no 
effect  on  the  respiratory  center  in  the  medulla,  lethal  over- 
dose is  extremely  rare  unless  the  drugs  are  taken  in  combi- 
nation with  other  CNS  depressants  such  as  alcohol.  Unfor- 
tunately, recreational  use  of  BDZs  is  often  in  combination 
with  alcohol,  opiates  such  as  methadone,  or  other  CNS 
depressants,  which  can  produce  highly  toxic  interactions. 
Although  there  is  no  specific  antagonist  available  for  alcohol 
or  barbiturate  overdose,  the  BDZ  flumazenil  (Romazicon)  is 
a competitive  antagonist  for  the  BDZ  receptor.  Individuals 
brought  to  the  emergency  room  unconscious  can  be  treated 
with  flumazenil,  which  quickly  reverses  the  effects  of  the 
BDZ  while  the  non-BDZ  depressant  is  gradually  eliminated 
from  the  body  through  normal  metabolic  processes. 

Benzodiazepines  are  also  safer  than  barbiturates  because 
they  do  not  increase  the  number  of  liver  microsomal 
enzymes  that  normally  metabolize  the  drugs.  The  lack  of 
enzyme  induction  means  there  is  reduced  tolerance  during 
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BOX  1 7.2  (continued) 


Short-term  pentobarbital  administration  (100  mg) 
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rather  than  the  BDZ2  receptor-modu- 
lating site  (Sanger  et  al.,  1 994).  Its  prin- 


Time (h) 

cipal  advantages  over  the  BZDs  are  a 
low  occurrence  of  tolerance  and 
rebound  insomnia  after  withdrawal  of 


(B)  The  effects  of  pentobarbital 
on  sleep  cycles  The  upper  panel 
shows  the  initial  effects  of  pentobar- 
bital, which  include  a short  onset  of 
sleep  and  few  spontaneous  awaken- 
ings.The  lower  panel  shows  the 
changes  after  chronic  nightly  use  of 
the  drug.Tolerance  is  shown  by  the 
long  onset  of  sleep  (1  hour)  and  the 
1 2 spontaneous  awakenings  during 
the  night.  Both  REM  and  stages  3 
and  4 sleep  are  suppressed.  (After 
Kales  and  Kales,  1978.) 


the  drug.  However,  because  it  is  rela- 
tively new, further  long-term  evalua- 
tion is  needed. 


repeated  drug  administration  and  also  fewer  drug  interac- 
tions. 

Benzodiazepines  have  a reputation  for  lower  probability 
of  physical  dependence  and  abuse.  Nevertheless,  chronic  use 
and  physical  dependence  do  occur.  The  abstinence  syn- 
drome, which  is  milder  than  that  of  the  barbiturates  and  not 
life-threatening,  develops  gradually  over  several  weeks,  espe- 
cially for  those  drugs  with  a very  long  half-life.  The  symp- 
toms may  include  insomnia,  restlessness,  headache,  anxiety, 
mild  depression,  subtle  perceptual  distortions,  muscle  pain, 
and  muscle  twitches  (Carvey,  1998).  The  most  severe  symp- 
toms, which  resemble  those  of  other  CNS  depressants, 
include  panic,  delirium,  and  seizures.  These  occur  in  indi- 
viduals who  are  abusing  the  drugs  at  high  doses  for  pro- 
longed periods,  often  in  combination  with  other  drugs. 

In  initial  research,  laboratory  animals  did  not  readily  self- 
administer  benzodiazepines  in  an  operant  chamber,  suggest- 
ing that  the  drugs  have  little  reinforcement  value  and  low 


abuse  potential  in  humans.  However,  BDZs  with  more  rapid 
onset  are  more  likely  to  be  self-administered  by  animals.  Fur- 
thermore, in  animals  that  are  first  trained  to  self-administer  a 
barbiturate,  the  reinforcing  effects  of  BDZs  are  more  appar- 
ent. In  drug-discrimination  tests  (see  Chapter  4)  in  which 
rats  are  taught  to  discriminate  between  barbiturates  and 
saline  by  pressing  a lever  for  reinforcement,  BDZs  will  sub- 
stitute for  barbiturates.  However,  rats  can  also  be  trained  to 
discriminate  chlordiazepoxide  from  barbiturates  and  alco- 
hol. These  results  indicate  that  the  subjective  drug-induced 
states  of  the  3 drugs  must  be  similar  if  they  substitute  for 
each  other  in  the  discrimination  test  yet  have  some  qualita- 
tive differences  that  can  be  distinguished.  Overall,  animal 
studies  suggest  that  the  reinforcement  value  of  BDZs  is  much 
less  than  that  of  barbiturates  (Griffiths  et  al.,  1991). 

Over  the  years,  concern  about  the  abuse  potential  of  these 
drugs  has  led  to  fewer  prescriptions.  However,  studies  with 
humans  show  that  normal  volunteers  prefer  to  take  a placebo 
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over  diazepam  and  that  anxious  subjects  also  choose  the 
placebo  unless  they  are  seeking  treatment  for  anxiety.  Indi- 
viduals who  are  experiencing  withdrawal  after  termination 
of  chronic  diazepam  or  other  sedative-hypnotics,  however, 
do  tend  to  self-administer  a BDZ  rather  than  placebo.  These 
results  suggest  that  BDZs  have  a relatively  low  risk  of  abuse 
but  that  physical  dependence  and  withdrawal  may  encour- 
age continued  use.  Overall,  the  probability  of  abuse  is  almost 
always  associated  with  polydrug  use;  that  is,  individuals  who 
have  a history  of  drug  or  alcohol  abuse  are  those  who  most 
likely  will  abuse  benzodiazepines  (Woods  et  al.,  1995). 

Newer  partial  agonists  A number  of  new  drugs  such  as 
imidazenil,  etizolam,  abecarnil,  and  bretazenil  have  been 
developed  to  bind  readily  to  the  benzodiazepine  receptor  but 
produce  less  of  an  effect  than  the  BDZs.  These  partial  ago- 
nists are  still  in  experimental  stages  but  promise  to  be  effec- 
tive in  reducing  anxiety  with  even  fewer  of  the  cognitive  side 
effects.  In  addition,  they  do  not  seem  to  potentiate  the  effects 
of  other  CNS  depressants,  further  enhancing  their  safety. 
Finally,  they  are  associated  with  a low  incidence  of  physical 
dependence  (Costa  and  Guidotti,  1996). 


Second-generation  anxiolytics 
produce  distinctive  clinical  effects 

The  drugs  in  this  group  were  developed  to  provide  anxiety 
reduction  without  some  of  the  side  effects  of  the  benzodi- 
azepines. The  best  known  is  buspirone  (BuSpar),  which  has  a 
novel  structure  and  mechanism  of  action  compared  to  the 
sedative-hypnotics.  It  is  also  unusual  in  that  it  does  not  nec- 
essarily increase  punished  behaviors  as  in  the  water-lick  sup- 
pression test.  Furthermore,  in  drug-discrimination  tests,  it 
does  not  substitute  for  either  barbiturates  or  BDZs.  Clearly, 
buspirone  has  distinctive  subjective  effects  as  well  as  a dis- 
tinctive mechanism  of  action. 

In  clinical  tests,  buspirone  has  significant  anxiolytic  actions, 
although  it  is  much  less  effective  in  reducing  the  physical 
symptoms  of  anxiety  than  the  cognitive  aspects  of  worry  and 
poor  concentration.  Some  suggest  that  it  may  be  best  used  in 
combination  with  other  pharmacotherapies  or  along  with 
cognitive  behavior  therapy  (Harvey  and  Balon,  1995). 

Buspirone  has  several  advantages  over  the  benzodi- 
azepines, including  its  usefulness  in  treating  depression  that 
often  accompanies  anxiety.  In  addition,  its  anxiety  reduction 
is  not  accompanied  by  sedation,  confusion,  or  mental  cloud- 
ing. Buspirone  does  not  enhance  the  CNS-depressant  effects 
of  alcohol  or  other  CNS  depressants,  so  it  is  still  safer  than 
the  BDZs.  It  also  has  a minimum  of  severe  side  effects,  and 
fatalities  have  not  been  reported.  Further,  it  has  little  or  no 
potential  for  recreational  use  or  dependence.  In  fact,  some 
patients  report  a dysphoric  effect,  described  as  a feeling  of 
restlessness  and  malaise.  Finally,  no  rebound  withdrawal 


syndrome  has  been  reported  for  buspirone.  Figure  17.12 
compares  the  effects  of  buspirone  and  diazepam  in  the 
light-dark  exploration  test.  Mice  treated  for  14  days  with 
either  drug  spent  more  time  in  the  lighted  box  than  saline- 
treated  controls,  demonstrating  antianxiety  effects.  When 
the  drugs  were  abruptly  stopped,  the  mice  that  had  been 
treated  with  buspirone  showed  a slow  gradual  return  of  anx- 
iety (the  time  in  the  white  box  decreased)  to  control  values, 
with  no  rebound  in  anxiety  (Figure  17.12A).  In  contrast, 
mice  treated  with  diazepam  showed  an  abstinence-induced 
rebound  to  less  than  control  levels  of  exploration  (suggest- 
ing increased  anxiety)  followed  by  a slow  recovery  (Figure 
17.12B). 

One  downside  of  buspirone  use  is  that  its  onset  of  effec- 
tiveness is  quite  long.  In  general,  several  weeks  of  daily  use 
are  required  to  see  significant  anxiolytic  effects.  This  charac- 
teristic makes  it  less  desirable  for  individuals  who  are  accus- 
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Figure  1 7.1 2 Abstinence  effect  after  chronic  diazepam 
but  not  buspirone  Mice  treated  with  buspirone  (A)  or 
diazepam  (B)  for  14  consecutive  days  and  placed  in  the 
light-dark  test  on  day  3, 7,  and  1 4 showed  reduced  anxiety  by 
exploring  the  bright  box  for  more  time  than  control  mice.  Nei- 
ther drug  produced  tolerance  over  the  1 4 days.  When  the  test 
was  repeated  at  various  times  after  drug  withdrawal,  the  bus- 
pirone-treated  mice  showed  a gradual  return  of  anxiety.  In  con- 
trast, mice  treated  with  diazepam  showed  an  abstinence- 
induced  rebound  in  anxiety. This  effect  is  shown  by  levels  of 
exploration  significantly  less  than  control  levels,  followed  by  a 
slow  recovery.  (After  Costall  and  Naylor,  1 991 .) 
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tomed  to  the  immediate  relief  induced  by  BDZs.  Also,  its 
delayed  action  makes  it  less  useful  for  patients  who  take  the 
drug  only  when  needed  for  situational  anxiety.  Second,  bus- 
pirone,  as  well  as  other  structurally  related  drugs  (gepirone 
and  ipsapirone),  does  not  show  cross-tolerance  or  cross  & 
dependence  with  BDZs  or  sedative-hypnotics.  This  feature 
makes  it  inappropriate  for  use  as  a substitution  in  cases  of 
alcohol  or  barbiturate  withdrawal.  Third,  it  lacks  the  hyp-  o 
notic  effects  necessary  to  treat  insomnia,  has  no  muscle-  g 
relaxant  effects,  and  does  not  control  seizures.  £ 

Buspirone  has  unusual  characteristics  because,  unlike  the  Sc 
sedative-hypnotics,  it  does  not  enhance  GABA  function  but  '■§ 
instead  acts  as  a partial  agonist  at  serotonergic  5-HT1A  recep-  c 
tors.  These  receptors  are  found  in  heavy  concentration  in  the 
limbic  system,  including  the  amygdala  and  the  frontal  and 
entorhinal  cortices.  Although  some  of  these  receptors  are 
thought  to  be  located  postsynaptically,  autoradiographic  and 
immunohistochemical  studies  also  show  5-HT1A  somato- 
dendritic autoreceptors  in  the  nucleus  of  the  raphe.  The  neu- 
rochemical basis  of  the  anxiolytic  action  is  not  fully 
explained,  but  Charney  and  colleagues  (1990)  suggest  that 
down -regulation  of  the  5-HT  receptors  may  be  responsible 
for  the  delayed  onset  of  action. 

Antidepressants  relieve  anxiety  and  depression 

Several  of  the  anxiety  disorders  described  in  earlier  sections 
are  effectively  treated  with  antidepressant  drugs.  These  drugs 
are  important  because  anxiety  and  depression  very  often 
occur  in  the  same  individual  and  a single  drug  can  be  used 
to  treat  both  conditions.  However,  several  antidepressants 
have  beneficial  effects  in  treating  anxiety  apart  from  their 
antidepressant  action.  For  example,  in  OCD  the  selective 
serotonin  reuptake  inhibitors  (SSRIs)  clomipramine 
(Anafranil),  fluoxetine  (Prozac),  fluvoxamine  (Luvox),  and 
sertraline  (Zoloft)  have  been  found  effective  in  reducing 
symptoms,  possibly  because  they  each  enhance  serotonin  (5- 
HT)  function  by  blocking  reuptake  of  the  monoamine.  The 
benefits  are  apparently  unrelated  to  the  SSRIs’  antidepressant 
action,  as  shown  in  the  results  of  an  experiment  by  Leonard 
et  al.  (1989).  In  this  double-blind  crossover  experiment, 
investigators  compared  the  effects  of  two  antidepressants: 
desipramine  (DMI),  which  blocks  norepinephrine  reuptake 
and  has  minimal  effects  on  5-HT,  and  clomipramine  (CMI), 
which  selectively  blocks  5-HT  reuptake.  After  3 weeks  of 
placebo  treatment  to  establish  a baseline  of  symptom  severi- 
ty, one  group  received  DMI  and  the  other  CMI  for  a 5 -week 
period.  After  5 weeks  the  drugs  were  switched  for  the  two 
groups.  Figure  17.13  shows  that  the  5-HT  agonist  CMI  was 
consistently  more  effective  in  relieving  symptoms  of  OCD. 
Further,  when  patients  on  CMI  switched  to  DMI,  their 
symptoms  reappeared,  which  shows  the  selective  effect  of  the 
serotonergic  antidepressant. 


Weeks 

Figure  1 7.1 3 Mean  rating  of  symptoms  in  patients  with 
OCD  when  treated  with  desipramine  (DMI)  or 
clomipramine  (CMI)  In  this  crossover  study,  during  drug  treat- 
ment in  phase  A,  the  CMI  group  had  fewer  symptoms.  In  phase 
B,  when  the  treatments  were  reversed  for  the  two  groups,  the 
CMI-treated  group  again  showed  greater  improvement. 

Patients  who  were  treated  with  DMI  during  phase  B showed  a 
return  of  symptoms.  (After  Leonard  et  al,  1 989.) 


Tricyclic  antidepressants  such  as  imipramine  (Tofranil) 
and  monoamine  oxidase  inhibitors  (e.g.,  phenelzine  [Nardil] 
and  tranylcypromine  [Parnate])  are  also  often  effective  in 
treating  some  anxiety  disorders,  including  panic,  phobic  dis- 
orders, and  GAD,  although  side  effects  are  often  troublesome 
(see  Chapter  16).  Since  the  side  effects  of  SSRIs  are  sometimes 
less  disturbing  to  patients  and  they  have  a more  favorable 
therapeutic  index,  the  serotonergic  drugs  are  more  often  pre- 
scribed as  a first  choice.  In  addition,  because  abuse  potential 
of  the  SSRIs  is  low,  they  may  be  used  on  occasions  when  ben- 
zodiazepine dependence  is  a concern.  Table  17.5  provides  a 
summary  of  a variety  of  treatment  options.  Keep  in  mind  that 
behavioral  therapy  is  the  principal  way  of  treating  simple 
phobias  and,  along  with  cognitive  therapy,  is  a significant 
approach  in  treating  GAD,  social  phobia,  OCD,  and  PTSD. 

Section  Summary 

Anxiety  disorders  are  the  most  common  psychiatric  diagnoses, 
affecting  between  10  and  30%  of  the  population.  Despite  the 
utility  of  anxiety  in  providing  motivation  and  drive,  excess 
anxiety  can  be  debilitating  and  damage  the  quality  of  life.  Five 
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TABLE  1 7.5  Drugs  Used  to  Treat  Various  Anxiety  Disorders 


Drug  class 

Trade  name 

Anxiety  disorders 

Benzodiazepines 

Valium,  Xanax 

GAD,  PTSD,  panic  disorder 

Tricyclic  antidepressants 

Tofranil,  Aventil 

Panic  disorder,  GAD,  OCD,  PTSD 

Monoamine  oxidase  inhibitors 

Nardil,  Parnate 

Social  phobia,  panic  disorder 

Selective  serotonin 

Prozac,  Zoloft, 

Social  phobia,  panic  disorder, 

reuptake  inhibitors 

Paxil 

OCD,  PTSD 

Buspirone 

BuSpar 

GAD,  panic  disorder,  OCD 

common  anxiety  disorders  include  general  anxiety  disorder 
(GAD),  panic  disorder  with  or  without  agoraphobia,  several 
types  of  phobias,  post-traumatic  stress  disorder  (PTSD),  and 
obsessive-compulsive  disorder  (OCD).  Although  all  are  clas- 
sified as  psychiatric  conditions  that  have  anxiety  as  a major 
component,  each  has  unique,  clearly  definable  symptoms  and 
apparently  distinct  biological  contributions. 

Animal  models  of  anxiety  depend  on  either  naturalistic 
avoidance  of  situations  such  as  brightly  lit  areas  or  condi- 
tioned approach-avoidance  situations  (conflict  procedures). 
Although  the  models  are  good  predictors  of  anxiety  reduc- 
tion in  general,  they  are  not  specific  for  the  multiple  disor- 
der subtypes.  Nevertheless,  each  of  the  disorders  described 
can  be  effectively  treated  with  pharmacotherapy  and/or  cog- 
nitive behavior  therapy. 

Barbiturates  reduce  anxiety  and  induce  sedation  and  sleep 
and  are  categorized  primarily  by  their  duration  of  action. 
Some  of  the  longest  acting,  such  as  phenobarbital,  remain  use- 
ful in  treating  seizure  disorders.  However,  their  significant  cog- 
nitive side  effects,  great  potential  for  dangerous  overdose,  rapid 
development  of  tolerance,  and  high  abuse  potential  make 
them  less  popular  than  the  newer  benzodiazepines  (BDZs). 

The  long-acting  benzodiazepines  are  effective  anxiolytics 
that  can  be  used  to  relieve  acute  anxiety  as  well  as  that  asso- 
ciated with  GAD  and  panic  disorder.  Overall,  they  are  safer, 
have  fewer  side  effects,  produce  less  tolerance  and  physical 
dependence,  and  have  lower  abuse  potential  than  barbitu- 
rates and  other  sedative-hypnotic  drugs.  Several  BDZs  effec- 
tively reduce  insomnia,  produce  muscle  relaxation,  and  have 
anticonvulsant  effects.  Because  BDZs  show  cross  dependence 
with  both  alcohol  and  barbiturates,  they  are  administered  to 
prevent  the  dangerous  withdrawal  syndrome  of  sedative- 
hypnotics  before  being  gradually  withdrawn.  Several  agents 
are  being  developed  to  further  minimize  side  effects.  Partial 
agonists  that  act  at  the  BDZ  receptor  are  one  class  that  may 
increase  safety.  In  addition,  anxiety- reducing  drugs  such  as 
buspirone  that  work  by  distinct  neurochemical  mechanisms 
provide  a novel  approach  to  the  treatment  of  anxiety  disor- 
ders. Finally,  several  antidepressant  drugs  are  also  useful  in 
treating  selected  anxiety  disorders. 


Neurochemical  Basis  of 
Anxiety  and  Anxiolytics 

Although  the  classic  sedative-hyp- 
notic drugs  affect  the  functioning  of 
many  types  of  neurons  in  the  CNS, 
their  primary  mechanism  of  action 
involves  enhancing  GABA  trans- 
mission. Since  GABA  is  the  major 
inhibitory  neurotransmitter  in  the 
nervous  system,  it  has  receptors  on 
most  cells  in  the  CNS  to  exert  wide- 
spread inhibitory  effects.  You  may  recall  that  the  GABAa 
receptor  complex  regulates  a chloride  (Cl-)  channel  that 
increases  chloride  current  into  the  cell  to  move  the  mem- 
brane potential  farther  away  from  the  threshold  for  firing. 
Therefore,  GABA  agonists  produce  a local  hyperpolarization, 
or  inhibitory  postsynaptic  potential,  and  inhibit  cell  firing. 
Both  barbiturates  and  benzodiazepines  have  binding  sites  as 
part  of  the  GABAa  receptor  complex  and  enhance  the 
inhibitory  effects  of  GABA.  Figure  17.14A  shows  the  hyper- 
polarization caused  by  GABA  and  its  enhancement  by 
diazepam. 

When  BDZs  bind  to  their  receptor  on  the  GABAa  com- 
plex, they  enhance  the  effect  of  GABA  by  increasing  the 
number  of  times  the  channel  opens.  However,  in  the  absence 
of  GABA  the  benzodiazepines  have  no  effect  on  Cl-  channel 
opening.  Apparently  the  presence  of  a BDZ  alters  the  physi- 
cal state  of  the  receptors  so  that  GABA  opens  the  channels 
more  easily.  As  you  would  expect,  the  addition  of  the  com- 
petitive antagonist  flumazenil  prevents  the  BDZ-induced 
enhancement  of  GABA  action  but  does  not  affect  GABA- 
induced  hyperpolarization  (Figure  17.14B).  In  contrast,  the 
addition  of  a GABA  antagonist  prevents  GABA  from  open- 
ing the  channel,  and  the  presence  of  a benzodiazepine  has  no 
further  effect. 

Competition  experiments  that  measured  the  effectiveness 
of  various  BDZs  in  displacing  [3H]  diazepam  showed  a posi- 
tive correlation  between  the  ability  to  displace  the  radioli- 
gand and  the  clinically  effective  dose  for  relieving  anxiety 
(Figure  17.15).  This  means  that  the  drugs  that  bind  most 
readily  to  the  BDZ  receptor  (i.e.,  require  low  concentrations 
to  displace  [3H] diazepam)  are  also  clinically  effective  at  low 
doses.  Likewise,  BDZs  that  bind  less  easily  need  higher  doses 
to  be  effective. 

Barbiturates  also  increase  the  affinity  of  the  GABAa  recep- 
tor for  GABA;  however,  they  increase  the  duration  of  the 
opening  of  GABA- activated  chloride  channels  rather  than  the 
number  of  openings.  In  addition  to  enhancing  GABAs  action 
at  the  receptor,  barbiturates  also  directly  open  the  Cl-  channel 
without  GABA.  This  additional  action  may  explain  why  bar- 
biturates can  be  lethal  while  benzodiazepines  are  not. 
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Figure  17.14  Effects  of  GABA  and  diazepam  on  mem- 
brane potentials  and  chloride  flux  (A)  Electrical  recording 
of  the  hyperpolarizing  effect  of  GABA  and  the  enhanced  hyper- 
polarization caused  by  the  addition  of  diazepam  to  a mouse 
spinal  cord  neuron.  Diazepam  alone  would  produce  little  or  no 
hyperpolarization.  (B)  GABA  alone  increases  the  conductance 
of  Cl"  through  its  channel.  Adding  a BDZ  enhances  the  amount 
of  Cl"  movement  into  the  cell.  Blocking  the  BDZ  receptor  pre- 
vents the  drug's  enhancement  of  GABA  but  not  the  effect  of 
GABA  itself.  A GABA  antagonist  prevents  GABA  from  opening 
the  Cl"  channel,  and  the  presence  of  BDZ  has  no  effect.  (After 
Kandel,2000.) 


Multiple  neurotransmitters  mediate  anxiety 

A wide  variety  of  lesion  and  drug  studies  in  psychobiology 
suggest  that  the  central  nucleus  of  the  amygdala  orchestrates 
the  components  of  anxiety:  autonomic  activation,  defensive 
behavior,  enhanced  reflexes,  activation  of  the  hypothalam- 
ic-pituitary adrenal  (HPA)  axis,  and  other  responses 


[3H]diazepam  displacement  (-log  [KJ) 


Figure  1 7.1 5 Correlation  of  benzodiazepine  binding 
and  antianxiety  effect  The  ability  of  the  benzodiazepines 
(including  several  experimental  compounds  having  the"Ro" 
designation)  to  displace  [3H]diazepam  from  the  BDZ  receptor  is 
correlated  with  the  doses  required  for  anxiolytic  action. The 
negative  log  scale  on  the  x-axis  reflects  increasing  concentra- 
tions from  left  to  right.Therefore,the  benzodiazepines  that  dis- 
place labeled  diazepam  at  low  concentrations  (e.g.,  clonazepam 
and  flunitrazepam)  also  tend  to  be  those  that  require  lower 
doses  to  reduce  anxiety. Those  that  are  less  effective  at  binding 
(needing  higher  concentrations)  to  the  diazepam  site  (e.g.,  Ro  5- 
4864)  also  need  higher  doses  for  antianxiety  effects.  (After 
Braestrup  and  Squires,  1 978.) 


(LeDoux,  1996).  Stimulation  of  the  amygdala  has  widespread 
effects  because  of  its  multiple  connections  with  brain  areas 
that  are  responsible  for  how  emotion  is  expressed  (refer  to 
Figure  17.16  for  details).  In  addition,  it  identifies  the  emo- 
tional significance  of  events  and  aids  in  the  formation  of 
emotional  memories.  For  example,  lesioning  the  amygdala 
prevents  the  development  of  conditioned  emotional  respons- 
es and  also  blocks  innate  fear.  Also,  intracerebral  injection  of 
various  drugs  into  the  amygdala  produces  anxiolytic  effects 
in  a number  of  animal  tests  of  anxiety.  Furthermore,  lesion- 
ing selected  brain  areas  that  receive  projection  neurons  from 
the  amygdala  can  eliminate  specific  components  of  the  anx- 
iety response.  For  example,  lesioning  the  periaqueductal  gray 
prevents  the  freezing  response.  The  anatomical  complexity 
of  emotion  and  its  importance  to  survival  makes  it  highly 
likely  that  many  neurotransmitters  modulate  the  anxiety 
response. 

While  activation  of  the  amygdala  elicits  emotional 
responses,  the  prefrontal  cortex  (particularly  the  orbito- 
frontal  and  medial  frontal)  exerts  inhibitory  control  over  the 
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Figure  1 7.1 6 The  amygdala  coordinates  components  of  emotion.  The  amygdala  has 
neuronal  connections  with  all  of  these  brain  areas  that  produce  individual  pieces  of  emo- 
tional expression.  VTA,  ventral  tegmental  area;  LC,  locus  coeruleus;  PPN,  pedunculopontine 
nucleus;  DA,  dopamine;  NE,  norepinephrine;  ACh,  acetylcholine;  ACTH,  adrenocorticotropic 
hormone. 


more  primitive  responses  of  the  limbic  system.  Without  the 
“cognitive”  control  of  the  prefrontal  cortex,  the  anxiety 
response  produces  more  limited  patterns  of  behavior  that 
may  not  be  suitable  for  coping  with  modern  stressors  that 
are  not  resolved  by  fighting  or  running  away. 

Role  of  GABA  in  anxiety  The  ability  of  BDZs  to  modulate 
GABA  clearly  implicates  the  neurotransmitter  in  anxiety.  The 
importance  of  GABA  is  directly  shown  by  the  reduction  in 
anxiety  produced  by  local  administration  of  GABA  or  the 
GABA  agonist  muscimol  into  the  amygdala.  Intracranial 
administration  of  BDZs  into  the  amygdala  also  has  anxiolyt- 
ic effects  in  several  animal  tests,  including  the  light-dark 
crossing  test,  freezing  response,  elevated  plus-maze,  and 
operant  conflict  tests.  The  anticonflict  effects  can  be  reversed 
by  flumazenil  and  also  by  coadministration  of  the  GABA 
antagonist  bicuculline  into  the  amygdala.  Furthermore, 
Sanders  and  Shekhar  (1995)  found  that  intra-amygdaloid 
injection  of  flumazenil  or  bicuculline  also  blocks  systemic 
antianxiety  effects  of  chlordiazepoxide  in  the  social  interac- 
tion test.  The  bicuculline  effect  demonstrates  the  necessity 
for  GABA  activity  in  the  anxiolytic  effects  of  BDZs.  The 
amygdala,  particularly  the  basolateral  nucleus,  is  clearly  an 
important  site  mediating  the  antianxiety  effects  of  BDZs. 


However,  since  BDZs  can  still  have  anxiety-reducing  effects 
following  destruction  of  the  amygdala,  multiple  redundant 
brain  areas  must  be  involved  in  the  response  to  anxiety  (see 
Davis,  1997,  for  an  excellent  summary). 

Role  of  natural  ligands  for  BDZ  receptors  in  anxiety  We 

certainly  might  wonder  about  the  function  of  BDZ  receptors 
under  normal  circumstances  when  we  are  not  taking  anxi- 
olytic drugs.  The  receptors  were  identified  in  1977,  and  their 
location  was  mapped  in  the  rat  brain  using  autoradiography. 
Their  high  concentration  in  the  amygdala  and  other  parts  of 
the  limbic  system,  which  regulate  the  fear/anxiety  response, 
and  in  the  cerebral  cortex  (particularly  the  frontal  lobe), 
which  exerts  control  over  limbic  structures,  provides  the  first 
clue  to  their  function.  A PET  scan  of  BDZ  receptors  in  the 
human  brain  also  shows  their  wide  distribution  (Figure 
17.17). 

In  Chapter  7 you  read  about  the  existence  of  endogenous 
substances  called  inverse  agonists  that  bind  to  the  BDZ  site 
and  produce  the  opposite  actions  of  the  drugs,  namely 
increased  anxiety,  arousal,  and  seizures.  One  class  of  inverse 
agonists  is  the  (i-carbolines,  which  when  administered  to 
humans  produce  extreme  anxiety  and  an  overwhelming 
sense  of  panic.  These  inverse  agonists  are  presumed  to 
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Figure  1 7.1 7 PET  scan  of  benzodiazepine  receptors  in 
the  human  brain  The  highest  concentrations  are  shown  in 
orange  and  red.  (Courtesy  of  Goran  Sedvall.) 


uncouple  the  GABA  receptors  from  the  Cl"  channels  so  that 
GABA  is  less  effective  in  causing  entry  of  Cl"  into  the  cell 
(Figure  17.18),  leading  to  increased  membrane  excitability. 
A second  family  of  inverse  agonists  are  peptides  related  to  the 
large  peptide  called  diazepam  binding  inhibitor.  The  anxi- 
ety-inducing effects  of  diazepam  binding  inhibitor  are 
described  in  Box  7.2  in  Chapter  7. 

Other  ligands  called  endozepines  may  represent  natural 
anxiety- reducing  agents  that  act  at  the  benzodiazepine  site. 
Drugan  and  coworkers  (1994)  propose  that  when  an  indi- 
vidual learns  how  to  cope  with  her  stress,  anxiety  may  be 
reduced  by  the  increase  of  natural  BDZs.  The  effects  of  the 
natural  ligands  and  those  of  the  BDZ  drugs  suggest  these 
receptors  are  important  in  regulating  normal  anxiety  and 
may  contribute  to  abnormal  anxiety  as  well. 

Other  evidence  suggesting  that  BDZ  receptors  mediate 
anxiety  comes  from  studies  that  look  at  natural  differences 
in  animal  anxiety  in  conflict  situations  such  as  the  water-lick 
suppression  test.  In  any  group  of  animals,  some  (the  “laid- 
back”  type)  become  adapted  to  the  tongue  shock  with 
repeated  exposure  and  drink  despite  the  shock,  while  their 
“uptight”  littermates  dramatically  avoid  drinking.  The  more 
emotional  animals  have  fewer  BDZ  receptors  in  several  brain 
areas  (Sepinwall  and  Cook,  1980).  Other  studies  find  a cor- 
relation between  anxiety  in  the  elevated  plus-maze  and 
decreased  number  of  GABA  and  BDZ  receptors  in  mouse 
cerebral  cortex  (Rago  et  al.,  1988).  In  patients  with  panic  dis- 
order, PET  scans  show  less  benzodiazepine  binding  in  the 
CNS,  particularly  in  portions  of  the  frontal  lobes  (Figure 
17.19).  These  patients  are  also  less  sensitive  to  BDZs  on  sev- 
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Figure  1 7.1 8 The  anxiety-producing  p-carbolines  are 
inverse  agonists  at  the  BDZ  receptor. They  not  only  prevent 
the  effect  of  GABA  on  chloride  flux  but  produce  the  opposite 
effect,  which  leads  to  cell  excitation. The  anxiolytic  BDZs  are  ago- 
nists and  enhance  GABA's  effects.The  competitive  antagonist 
flumazenil  binds  to  the  BDZ  receptor  but  has  no  action  of  its  own. 
However,  it  prevents  either  the  BDZs  or  the  inverse  agonists  from 
acting.  DMCM,  methyl-6, 7-dimethoxy-4-ethyl-p-carboline-3-car- 
boxylate;  p-CCM,  methyl-p-carboline-3-carboxylate;.  p-CCE,  p-car- 
boline-3-carboxylic  acid  ethylester.  (After  Richards  et  al.,  1 991 .) 


Figure  17.19  PET  scans  of  a control  subject  (left  panel) 
and  a patient  with  panic  disorder  (right  panel)  The  scans 
made  in  the  horizontal  plane  with  the  frontal  cortex  at  the  top 
show  decreased  density  of  BDZ  receptors  in  the  patient  with 
panic  disorder,  particularly  in  the  frontal  cortex  (Fr)  and  insula 
(Ins),  areas  important  in  anxiety  modulation.  Other  brain  areas 
also  show  reduced  numbers  of  BDZ  receptors.  Warm  colors  indi- 
cate the  most  receptors;  cool  colors  indicate  fewer.  Receptors 
were  labeled  with  [nC]  flumazenil.  A Cin,  anterior  cingulate;TL, 
temporal  lobe;  CN,  caudate  nucleus; Th, Thalamus;  OC,  occipital 
cortex.  (From  Malizia  et  al.,  1 998.) 
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eral  psychophysiological  measures  such  as  eye  movement  to 
targets.  Reduced  BDZ  receptors  may  result  in  a failure  of 
GABA  inhibition  of  the  inappropriate  anxiety  attacks  (Mal- 
izia  et  al.,  1998). 

Role  of  norepinephrine  in  anxiety  Reciprocal  connec- 
tions between  the  amygdala  and  locus  coeruleus  (LC)  pro- 
vide a mechanism  to  generate  arousal,  orienting,  and 
response  to  fear-evoking  stimuli.  The  LC  is  a major  cluster 
of  noradrenergic  cell  bodies  in  the  dorsal  pons  that  send 
axons  rostrally  to  several  brain  areas  to  increase  vigilance  and 
attention  to  physiologically  relevant  stimuli.  Several  lines  of 
evidence  demonstrate  the  importance  of  NE  in  anxiety.  First, 
electrical  recording  in  the  LC  shows  increased  firing  when 
animals  are  presented  with  novel  stimuli 
that  signal  threat  or  reward  (Jacobs  et  al., 

1995).  The  accompanying  hypervigilance  is 
similar  to  that  occurring  in  PTSD  and 
other  anxiety  disorders  in  humans.  Electri- 
cal stimulation  of  the  LC  or  administration 
of  the  a2-autoreceptor  antagonist  yohim- 
bine (which  increases  NE  release)  induces 
a wide  range  of  alerting  and  fear  responses 
accompanied  by  pupil  dilation,  piloerec- 
tion,  and  increases  in  heart  rate  in  pri- 
mates. Yohimbine  likewise  produces  panic 
attacks  in  patients  with  panic  disorder  or 
PTSD  but  not  in  normal  subjects.  Also, 
clonidine,  an  a2-autoreceptor  agonist 
(which  reduces  NE  release),  has  antianxiety 
effects  (Ninan,  1999). 

Second,  clinical  studies  of  patients  with 
a variety  of  anxiety  disorders  suggest  that 
abnormal  ANS  response  is  a common  key 
feature.  NE  is  the  neurotransmitter 
released  at  the  target  visceral  organs, 
including  the  heart,  during  sympathetic 
activation.  Additionally,  the  catecholamine 
adrenaline  (epinephrine),  released  from 
the  adrenal  medulla,  produces  widespread 
effects  that  prepare  the  individual  to 
respond  to  danger.  Individuals  with  panic 
disorder  and  PTSD  have  especially  dra- 
matic body  responses  to  anxiety-provok- 
ing stimuli.  Furthermore,  war  veterans 
with  PTSD  have  higher-than-normal  cir- 
culating NE.  In  anxiety  disorders,  the  indi- 
vidual recognizes  his  body  fear  response 
but  perceives  no  immediate  environmen- 
tal stimulus  to  explain  his  racing  heart, 
feelings  of  suffocation,  and  so  forth.  In 
looking  for  an  explanation,  he  irrationally 
misinterprets  the  arousal  as  the  basis  for 
his  anxiety  (LeDoux,  1995). 


Third,  both  NE  and  epinephrine  have  a significant  role 
in  the  formation  of  emotional  memories  that  may  con- 
tribute to  anxiety  disorders  in  which  memories  of  past  trau- 
ma or  stress  can  influence  future  behavior  (as  in  agorapho- 
bia, panic,  and  PTSD).  The  normal  enhancement  of 
memory  by  the  catecholamines  may  be  a way  to  help  us 
remember  what  is  emotionally  significant  and  therefore 
important.  Catecholamine-induced  memory  enhancement 
can  be  blocked  by  adrenergic  antagonists.  In  clinical  trials, 
the  (3-adrenergic  antagonist  propranolol  effectively  reduced 
some  of  the  symptoms  of  PTSD. 

Fourth,  some  of  the  therapeutic  effects  of  anxiolytic  drugs 
can  be  explained  by  modulation  of  LC  firing  (see  Sullivan  et 
al.,  1999).  Noradrenergic  cells  in  the  LC  are  excited  by  corti- 


Figure  1 7.20  Drug  effects  on  locus  coeruleus  cell  firing  Some  of  the  anx- 
iolytic effects  of  the  benzodiazepines  (BDZs),  tricyclic  antidepressants  (TCAs), 
monoamine  oxidase  inhibitors  (MAO-ls),and  selective  serotonin  reuptake 
inhibitors  (SSRIs)  may  be  explained  by  their  inhibitory  effect  on  LC  neurons.  On 
the  other  hand,  corticotropin-releasing  factor  (CRF)  increases  anxiety  and  has 
excitatory  effects  on  LC.CRF  antagonists  may  be  effective  in  reducing  anxiety. 
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cotropin-releasing  factor  synaptic  input  (see  the  next  section) 
and  inhibited  by  GABA  and  serotonin  as  well  as  by  stimula- 
tion of  oc2-adrenergic  somatodendritic  autoreceptors  (Figure 
17.20).  Since  benzodiazepines  enhance  the  inhibitory  func- 
tion of  GABA,  reduced  LC  firing  may  be  responsible  for  at 
least  some  of  the  anxiolytic  effect  of  these  drugs.  Selective 
serotonin  reuptake  blockade  of  5-HT  by  SSRIs  and  subse- 
quent enhancement  of  serotonergic  function  would  likewise 
reduce  LC  firing.  Tricyclic  antidepressants  such  as  desi- 
pramine  and  monoamine  oxidase  inhibitors  that  enhance 
NE  function  inhibit  firing  of  LC  neurons  by  acting  on  the 
a2-autoreceptors  (see  Figure  17.20).  In  support  of  the  thera- 
peutic evidence,  clinical  studies  have  found  abnormal  autore- 
ceptor response  in  individuals  with  GAD  and  social  phobia 
(Sullivan  et  al.,  1999). 

Role  of  corticotropin-releasing  factor  in  anxiety  Cor- 
ticotropin-releasing factor  (CRF;  sometimes  called  corti- 
cotropin-releasing hormone,  or  CRH)  is  a small  peptide  that 
controls  both  the  neuroendocrine  (HPA  axis)  and  behav- 
ioral responses  to  stress.  In  Chapter  16  we  described  the  reg- 
ulation of  stress  hormones  (adrenocorticotropic  hormone 
and  glucocorticoids)  by  CRF  and  its  significance  to  depres- 
sion. The  same  neuroendocrine  function  contributes  to  anx- 
iety responses.  In  addition  to  stress  hormone  regulation, 
CRF  also  acts  as  a neurotransmitter  in  neural  circuits 
involved  in  the  stress  response  (Figure  17.21).  Therefore,  the 
release  of  this  tiny  peptide  may  help  coordinate  the  many 
pieces  of  the  mechanism  needed  to  adapt  to  stressful  events 
and  may  contribute  to  anxiety  disorders. 

Intraventricular  administration  of  CRF  stimulates  the 
sympathetic  nervous  system  and  causes  increases  in  plasma 
adrenaline  and  increased  heart  rate  and  blood  pressure. 
These  effects  are  not  due  to  HPA  axis  activation,  because 
removing  the  adrenal  gland  does  not  change  this  response 
to  cerebral  CRF.  Therefore,  the  effects  must  be  mediated  by 
neural  control.  CRF  also  has  wide-ranging  effects  on  feed- 
ing, gastrointestinal  activity,  and  energy  balance  that  are 
consistent  with  preparation  for  dealing  with  environmental 
stressors.  Increased  anxiety  is  seen  in  conflict  tests,  social 
interaction,  and  exploration  in  novel  open  fields  or  the  ele- 
vated plus-maze.  Clinical  studies  show  that  CRF  levels  are 
higher  in  the  cerebrospinal  fluid  of  combat  veterans  with 
PTSD  than  in  veterans  without  the  anxiety  disorder.  Direct 


Figure  1 7.21  Dual  role  for  CRF  CRF  is  released  by  the  hypo- 
thalamus to  act  on  the  pituitary  gland  to  control  the  release  of 
glucocorticoids  from  the  adrenal  cortex  (HPA  axis)  in  response 
to  stress  (blue  pathway).  CRF  also  acts  as  a neurotransmitter  in 
multiple  brain  areas  associated  with  anxiety  and  is  released  fol- 
lowing threatening  stimuli  (indicated  by  purple).  Intracerebral 
CRF  causes  behavioral  signs  of  anxiety  as  well  as  altered  auto- 
nomic nervous  system  function  (red  pathways).  ACTH,  adreno- 
corticotropic hormone. 


neuronal  application  of  CRF  produces  strong  excitatory 
effects  in  many  brain  areas  that  contain  significant  numbers 
of  CRF  receptors,  including  the  hippocampus,  amygdala, 
LC,  cortex,  and  hypothalamus.  Most  are  parts  of  the  neural 
circuit  for  anxiety.  Of  particular  significance  are  the  large 
number  of  CRF  nerve  endings  and  CRF  receptors  found  in 
the  amygdala.  Further,  individual  differences  in  anxiety  level 
may  be  due  to  differences  in  the  amount  of  CRF  in  the 
amygdala  (Davis,  1997).  For  example,  rats  that  show  greater 
“freezing”  responses  to  stress  and  show  enhanced  physio- 
logical signs  also  have  higher  levels  of  CRF  mRNA  in  the 
central  nucleus  of  the  amygdala  compared  with  less  anxious 
rat  strains. 

Stressful  stimuli  such  as  physical  restraint  cause  a release 
of  CRF  in  the  amygdala,  as  measured  by  microdialysis.  The 
increased  extracellular  CRF  is  accompanied  by  a variety  of 
signs  of  anxiety.  Many  of  these  effects  can  be  prevented  by 
pretreatment  with  the  CRF  antagonist  a-helical  CRF9  41. 
The  antagonist  also  reduces  signs  of  anxiety  in  socially 
defeated  rats  or  in  animals  during  ethanol  withdrawal. 
However,  not  all  measures  of  anxiety  are  attenuated  by 
intra-amygdaloid  infusion  of  the  CRF  antagonist,  which 
suggests  that  other  areas  within  the  CNS  such  as  the  LC 
must  also  mediate  aspects  of  anxiety. 

Intracranial  injection  of  CRF  increases  the  firing  rate  of 
cells  in  the  LC  and  increases  the  turnover  of  NE,  as  deter- 


nervous 

system 
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mined  by  the  increase  in  the  NE  metabolite  MHPG  in  the 
amygdala  and  hypothalamus.  It  should  be  no  surprise  that 
infusion  of  CRF  into  the  LC  produces  anxiety,  as  measured 
by  time  spent  in  the  novel  open  field. 

For  all  these  reasons,  the  neuroendocrine  and  CNS  effects 
of  CRF  are  generating  a great  deal  of  research  in  neuro- 
science. Box  17.3  describes  how  early  life  experiences  affect 
the  response  to  stressors  in  adulthood  and  predict  vulnera- 
bility to  psychopathology,  diseases,  and  drug  addiction. 

Role  of  dopamine  in  anxiety  Stress  such  as  forced  swim- 
ming increases  firing  of  mesocortical  dopaminergic  neurons 


and  increases  dopamine  (DA)  turnover  in  the  prefrontal  cor- 
tex. Treatment  with  the  anxiety-producing  (3-carboline  FG 
7142  also  causes  a significant  increase  in  DA  metabolism  in 
the  prefrontal  cortex  without  causing  changes  in  DA  termi- 
nal areas  of  the  mesolimbic  or  nigrostriatal  pathways.  Fur- 
ther, the  “psychological  stress”  of  observing  another  rat 
receiving  foot  shocks  also  increases  DA  turnover  in  the  pre- 
frontal neurons  and  elevation  of  adrenal  glucocorticoids. 
Diazepam  blocks  the  anxiety  responses  to  the  stressors  and 
the  (3-carboline  treatment  and  also  prevents  the  DA  turnover 
(Kaneyuki  et  al.,  1991).  These  and  other  types  of  evidence 
implicate  DA  in  anxiety  responses. 


BOX  17.3 


Pharmacology  in  Action 


Early  Experience 
and  Stress 


Animal  models  that  use  maternal  sep- 
aration from  infants  provide  lots  of 
evidence  that  early  life  experiences 
have  an  impact  on  the  way  the  adult 
responds  to  stress  later  in  life  (see 
Francis  et  al.,  1 999).  Young  rats  that 
are  removed  from  their  mothers  and 
handled  for  brief  periods  of  time 
(approximately  15  minutes)  on  a daily 
basis,  as  adults  show  distinctly  differ- 
ent responses  to  stress  compared  to 
nonhandled  controls.This  early  han- 
dling reduces  both  fearful  behavior  in 
novel  environments  and  activation  of 
the  FIPA  axis.  As  adults,  these  rats 
show  reduced  plasma  adrenocorti- 
cotropic hormone  and  glucocorticoid 
responses  to  restraint  stress.They  also 
have  lower  CRF  mRNA  levels  in  the 
hypothalamus,  suggesting  they  have 
less  CRF  to  initiate  the  HPA  response. 
Other  physiological  differences  in  the 
handled  animals  include  reduced  CRF 
receptors  in  the  locus  coeruleus, 
which  would  be  expected  to  have  an 
anxiolytic  effect,  and  increased  gluco- 
corticoid receptors  in  the  hippocam- 
pus and  frontal  lobe,  which  acts  as  a 
negative  feedback  on  the  stress  hor- 
mone response  (Figure  A).  In  addition, 
handled  rats  have  increased  GABAa 


receptors  in  the  locus  coeruleus, 
which  should  inhibit  the  NE  response 
to  stress. 

More  dramatic  and  exactly  oppo- 
site effects  are  found  in  adult  animals 
that  are  removed  from  their  mothers 
as  infants  for  more  extended  periods 
of  time  (180  minutes  from  days  2 to 
14  of  age)  without  handling.The 
longer  separation  produces  adults 
that  are  highly  fearful  in  novel  envi- 
ronments and  show  increased  startle 
responses  to  sudden  noise.  GABAa 
binding  in  the  amygdala  and  frontal 
cortex  are  significantly  reduced,  while 
CRF  receptor  binding  is  increased  in 
both  the  locus  coeruleus  and  raphe 
nuclei  (refer  to  the  table). 

What  might  explain  the  differences 
in  these  groups  of  animals?  One 
important  observation  was  that  when 
pups  are  removed  briefly  from  the 
mother,  the  handling  of  the  pups 
changes  the  maternal  behaviors.The 
mother  of  handled  pups  has  shorter 
but  more  frequent  nesting  bouts, 
which  begin  with  her  gathering  the 
pups  under  her,  then  suckling,  then 
licking  the  infants.  Overall,  these 
mothers  spend  significantly  more 
time  licking  and  grooming  their 
young.  It  would  appear  that  the 
behavioral  and  physiological  effects 
of  handling  mimic  normal  maternal 
interaction,  which  increases  sensory 


stimulation  in  the  offspring  and  alters 
the  development  of  the  stress  circuit. 

Further  evidence  comes  from  the 
evaluation  of  pups  raised  by  naturally 
interactive  (Nl)  mothers  (high  in  lick- 
ing, grooming,  and  arched-back  nurs- 
ing, which  provides  more  opportunity 
for  maternal  attention)  and  those  that 
are  less  interactive  (LI).  Both  groups  of 
mothers  spend  the  same  time  with 
their  pups  overall,  but  the  nature  of 


(A)  Regulation  of  the  HPA  axis  The 

amygdala  activates  the  hypothalamus, 
which  releases  CRF  to  initiate  the  HPA 
stress  response,  ultimately  causing  elevat- 
ed plasma  cortisol.  High  plasma  cortisol 
stimulates  the  hippocampus,  which  has 
inhibitory  control  over  the  HPA  axis  to 
prevent  excess  cortisol  release.  Corticos- 
terone is  the  major  glucocorticoid  in  rats 
while  cortisol  is  important  in  humans.  Cor- 
tisol also  has  inhibitory  feedback  control 
at  the  hypothalamus. 
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Role  of  serotonin  in  anxiety  Although  there  is  a rich  lit- 
erature on  the  serotonergic  link  with  mood,  suicide,  violence, 
and  impulsivity  (Apter  et  al.,  1990),  the  neuro transmitter’s 
role  in  anxiety  is  based  to  a large  extent  on  the  effectiveness 
of  various  drug  treatments.  For  example,  Blier  and  de  Mon- 
tigny  (1999)  find  that  SSRIs  desensitize  terminal  5-HT 
autoreceptors  (but  not  5-HT2  receptors)  in  the  orbitofrontal 
cortex  only  after  a full  8 weeks  of  treatment,  when  improve- 
ment in  OCD  symptoms  occurs.  Desensitized  autoreceptors 
means  more  5-HT  is  released  to  act  on  postsynaptic  5-HT2 
receptors.  If  a similar  mechanism  occurs  in  the  LC,  the 
enhanced  serotonergic  activity  that  gradually  occurs  may 


explain  the  progressive  reduction  in  LC  firing  (Szabo  et  al., 
1999)  that  is  consistent  with  the  slow  onset  of  action  in  the 
treatment  of  panic  attacks. 

Buspirone  also  modifies  5-HT  function,  although  its  spe- 
cific mechanism  of  action  is  not  entirely  clear.  However,  the 
drug  initially  stimulates  5-HT1A somatodendritic  autorecep- 
tors, which  would  acutely  reduce  5-HT  transmission.  As  was 
true  for  the  SSRIs,  the  chronic  treatment  with  buspirone  that 
is  necessary  for  anxiolytic  action  produces  down-regulation 
of  both  5-HT1A  receptors  and  in  addition  5-HT2  receptors  in 
selected  brain  areas  (Charney  et  al.,  1990). 


BOX  1 7.3  (continued) 

Behavioral  and  Neurochemical  Effects  in  Adult  Rats  Raised  with 
Brief  or  Extended  Maternal  Separation 


Biobehavioral  measure 

Brief  daily 
handling 

Extended 

separation 

Fearful  behavior 

i 

T 

HPA  activation  to  stress 

i 

T 

Plasma  adrenocorticotropic  hormone 

i 

T 

Plasma  corticosterone 

i 

T 

CRF  mRNA  (hypothalamus  and  amygdala) 

i 

t 

CRF  receptors  (locus  coeruleus) 

i 

T 

Glucocorticoid  receptors  (hippocampus  and 
frontal  cortex) 

T 

i 

GABAa  receptors  (locus  coeruleus  and  amygdala) 

T 

i 

the  interaction  is  different.  At  maturity, 
those  raised  by  LI  mothers  showed 
increased  startle  responses,  decreased 
open-field  exploration, and  longer 
latencies  to  eat  in  novel  environments. 
Neuroendocrine  and  brain  receptor 
changes  resembled  those  of  animals 
that  had  been  separated  for  pro- 
longed periods.  In  contrast,  the  Nl 
mothers  raised  pups  that  as  adults 
responded  less  fearfully  and  were  sim- 
ilar in  physiology  to  animals  exposed 
to  early  handling.  Of  significance  is  the 
fact  that  the  high  stress  response  of 
the  LI  group  could  be  prevented  by 
experimental  handling  (Figure  B). 
Thus,  regardless  of  the  source,  sensory 
stimulation  seems  to  be  the  factor 
that  determines  the  outcome. 


How  might  this  translate  into 
human  behavior?  Do  individual  differ- 
ences in  parental  care  influence 
human  development  of  stress  reactivi- 
ty? Francis  and  coworkers  (1999) 
argue  that  early  care  does  indeed 
affect  the  adult's  response  to  stress 
and  perhaps  also  his  vulnerability  to 
anxiety  disorders  and  depression  later 
in  life.  Humans,  like  other  animals, 
show  individual  differences  in  parent- 
ing styles.  But  in  addition,  human 
parental  care  is  influenced  by  stress- 
inducing  environmental  conditions 
such  as  poverty,  marital  difficulties, 
and  lack  of  social  and  emotional  sup- 
port. Under  such  conditions  of  high 
environmental  stress,  the  quality  of 
parent-child  interactions  declines  and 


leads  to  abusive  and  neglectful  rela- 
tionships, which  in  turn  frequently 
produce  neglectful  parents  in  the  sub- 
sequent generation.  It  seems  reason- 
able that  these  conditions  produce  an 
adaptive  response  in  the  young,  mak- 
ing them  more  vigilant  to  danger  and 
more  physiologically  prepared  to 
respond  with  escape  behaviors  and 
fight-or-flight  physiological  effects. 
Although  the  more  active  stress 
response  may  be  adaptive  at  the  time, 
it  may  well  precipitate  stress-induced 
illness,  psychopathology  such  as  PTSD, 
or  drug  abuse  in  humans. 


Mother-pup  interaction 


(B)  Postnatal  stimulation  affects  adult 
stress  response  Adult  rats  that  experi- 
enced normally  interactive  (Nl)  mother-pup 
relations  develop  normal  stress  responses. 
Those  raised  in  less  interactive  (LI)  litters  are 
more  fearful  and  show  high  response  to 
restraint  stress  as  adults.  Experimental  inter- 
vention involving  daily  handling  can  pre- 
vent the  high  stress  response  in  LI  animals. 
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Section  Summary 

The  classic  sedative-hypnotic  drugs,  which  include  alcohol 
as  well  as  the  benzodiazepines  and  barbiturates,  potentiate 
the  effects  of  GABA  by  binding  to  modulatory  sites  on  the 
GABA  receptor  to  enhance  chloride  conductance  and  pro- 
duce an  inhibitory  effect.  This  enhanced  inhibitory  action 
potentially  modifies  all  the  neurotransmitters  normally  reg- 
ulated by  GABA.  BDZs  increase  the  number  of  channel 
openings  caused  by  GABA  binding,  but  the  drugs  alone  have 
no  effect  on  chloride  conductance.  Barbiturates  increase  the 
duration  of  opening  time  of  GABA- activated  chloride  chan- 
nels and  also  have  a direct  effect  on  chloride  conductance  in 
the  absence  of  GABA.  The  latter  action  may  explain  why  bar- 
biturates, unlike  BDZs,  can  cause  severe  side  effects  and  have 
the  potential  for  fatalities.  Some  endogenous  ligands  for  BDZ 
receptors  act  as  inverse  agonists  (P-carbolines)  to  increase 
anxiety,  while  others  (endozepines)  may  be  natural  anxiety- 
reducing  chemicals  that  compete  for  the  same  site. 

The  neural  basis  of  anxiety  focuses  on  limbic  structures, 
particularly  the  amygdala,  which  controls  the  components  of 
emotional  responding,  and  the  frontal  cortex,  which  exerts 


control  over  the  amygdala.  Both  animal  and  human  studies 
support  the  idea  that  GABA  and  its  modification  by  natural 
BDZs  and  inverse  agonists  regulate  anxiety.  Since  GABA  is  a 
major  inhibitory  neurotransmitter  throughout  the  nervous 
system,  changes  in  GABA  function  modify  several  other  neu- 
rotransmitters, all  of  which  may  contribute  to  the  evolution- 
ary vital  anxiety  response.  Interactions  among  NE,  5-HT, 
CRF,  and  DA,  particularly  in  the  amygdala  and  locus 
coeruleus,  probably  modulate  appropriate  levels  of  anxiety 
for  given  conditions  but  also  may  contribute  to  the  damaging 
effects  of  the  anxiety  disorders. 
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Schizophrenia 


The  symptoms  of  schizophrenia  frequently  lead  to 
personal  isolation  and  failure  to  achieve  a meaningful 
and  productive  lifestyle. 


hen  Jill,  a 23-year-old  secretary,  quit  her  job,  she  knew  some- 
thing was  happening  to  her,  but  didn’t  know  what  it  was.  She 
had  suddenly  become  withdrawn  and  preoccupied  with  her  own 
thoughts,  considering  the  meaning  of  existence  and  religious  issues.  She  was 
so  absorbed  that  she  stopped  taking  care  of  herself 
and  failed  to  shower,  wash  her  hair,  or  clean  her 
clothes.  One  morning  at  dawn,  she  was  called  to  her 
mission  as  she  looked  out  her  window  and  saw  an 
especially  bright  planet  followed  by  the  sudden  burst 
of  sun  rays.  When  a dog  barked  she  knew  she  had 
been  chosen  for  the  task  of  saving  the  United  States 
from  cataclysmic  destruction.  Although  she  didn’t 
know  how  the  disaster  would  occur,  many  signs  were 
revealed,  such  as  when  a fly  landed  on  the  television 
and  cleaned  its  wings  during  satellite  pictures  of  the 
planet  Neptune.  That  clearly  meant  the  time  was 
near.  Unfortunately,  her  enemies  were  aware  of  her 
role  because  they  could  read  her  mind,  and  each  time 
she  developed  a plan,  they  stole  it  from  her  brain  and 
prevented  it.  So  Jill  started  wearing  a black  hat  to 
keep  her  thoughts  in  her  own  mind.  But  the  enemy 
voices  talked  about  her  constantly,  swore  at  her,  and 
plotted  to  stop  her.  They  put  snakes  in  her  stomach 
and  poisoned  the  medication  that  she  was  given  dur- 
ing her  first  of  many  stays  in  the  hospital  (Lickey  and 
Gordon,  1991). 
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Characteristics  of  Schizophrenia 

Chapter  18  describes  the  characteristics  of  the  devastating 
mental  disorder  known  as  schizophrenia  and  the  drug  thera- 
pies that  are  currently  available  to  treat  it.  It  also  describes 
several  models  that  attempt  to  explain  the  neuropathology 
that  leads  to  its  hallmark  abnormal  behavior  and  multiple 
symptoms. 

Major  mental  disorders  called  psychoses  are  characterized  ^ 
by  severe  distortions  of  reality  and  disturbances  in  percep-  3 
tion,  intellectual  functioning,  affect  (emotional  expression),  > 
motivation,  social  relationships,  and  motor  behavior.  Schiz- 
ophrenia  is  one  relatively  common  form  of  psychosis  and  "o 
manic-depressive  psychosis  (discussed  in  Chapter  16)  is  & 
another.  Individuals  with  schizophrenia  demonstrate  many 
different  symptoms,  including  hearing  voices  that  are  not 
there,  holding  unrealistic  ideas  and  beliefs,  and  communi- 
cating in  a way  that  is  difficult  to  understand.  They  are  fre- 
quently so  incapacitated  that  voluntary  or  involuntary  hos- 
pitalization is  required. 

Although  drug  use  or  environmental  toxins  may  cause 
brief  episodes  of  psychosis,  schizophrenia  is  generally  a 
chronic  condition.  While  its  symptoms  can  usually  be  con- 
trolled to  some  extent,  schizophrenia  cannot  at  this  time  be 
cured  or  prevented.  Despite  therapy,  approximately  30%  of 
people  with  schizophrenia  spend  a significant  portion  of 
their  lives  in  mental  hospitals,  accounting  for  a majority  of 
the  total  hospital  beds  in  these  facilities.  Approximately  1 to 
1.5%  of  the  world’s  population  will  suffer  from  schizophre- 
nia during  their  lifetimes.  Another  2 to  3%  will  suffer  from 
less  severe  schizophrenic  symptoms  but  not  meet  the  diag- 
nostic criteria. 

Symptoms  of  schizophrenia  most  often  begin  during  the 
late  teenage  years  and  early  twenties,  although  the  disorder 
may  first  occur  in  childhood.  The  early  onset  of  the  disorder 
means  that  the  episodes  recurring  throughout  life  disrupt  the 
individuals  most  productive  years.  Although  epidemiologi- 
cal studies  have  indicated  that  schizophrenia  affects  men  and 
women  equally,  a clear  gender  difference  in  the  age  of  onset 
and  course  of  this  disorder  exists.  Figure  18.1  shows  that  the 
onset  of  schizophrenia  among  470  patients  is  highest  in  early 
adulthood  for  both  sexes.  However,  for  men  the  onset 
decreases  rapidly  with  age.  The  onset  for  women  is  lower 
than  for  men  until  age  36.  At  that  time  more  women  than 
men  demonstrate  a first  episode,  and  that  difference  contin- 
ues into  old  age  (Howard  et  al.,  1993).  The  implication  of  the 
gender  difference  in  onset  is  not  clear,  but  it  may  suggest  the 
existence  of  two  qualitatively  distinct  subtypes  of  the  disor- 
der. Schizophrenia  can  destroy  lives  and  also  cause  a great 
deal  of  pain  and  suffering,  not  only  to  afflicted  individuals 
but  also  to  their  families  as  they  attempt  to  cope  emotionally 
and  financially  with  the  disorder.  On  that  basis,  the  direct 
(e.g.,  hospitalization  and  medication  costs)  and  indirect  (loss 
of  productive  employment,  participation  in  society,  and  fam- 


Age  at  onset 


Figure  1 8.1  Gender  differences  in  age  at  onset  of  schizo- 
phrenia Although  both  sexes  show  peak  onset  of  symptoms 
between  1 6 and  25  years  of  age,  this  sample  of  470  patients 
shows  that  more  women  than  men  experience  their  first 
episode  after  age  36,  a difference  that  continues  in  every  age 
bracket  through  old  age.  (After  Howard  et  al.,  1 993.) 


ily  stress)  costs  of  schizophrenia  have  been  estimated  to  be 
between  $30  billion  and  $50  billion  a year  in  the  United 
States. 

There  is  no  defining  cluster  of  schizophrenic 
symptoms 

Schizophrenia  is  very  clearly  a thought  disorder,  character- 
ized by  illogical  thinking,  lack  of  reasoning,  and  inability  to 
recognize  reality;  however,  the  specific  symptoms  show  a 
great  deal  of  individual  variation.  Disturbances  in  perception 
(hallucinations)  are  a frequent  occurrence  in  schizophrenia. 
These  hallucinations  are  most  often  auditory  and  generally 
consist  of  voices  that  are  insulting  or  commanding.  For  a 
closer  look  at  auditory  hallucinations,  turn  to  Box  18.1.  Tac- 
tile hallucinations  are  often  electrical,  tingling,  or  burning 
sensations.  Bizarre  delusions  (beliefs  not  based  on  reality)  are 
also  common.  Particularly  prevalent  are  delusions  of  perse- 
cution involving  the  individual’s  belief  that  others  are  spying 
on  or  planning  to  harm  him.  Also  quite  common  is  the  delu- 
sion that  one’s  thoughts  are  broadcast  from  one’s  head  to  the 
world  or  that  thoughts  and  feelings  are  not  one’s  own  but  are 
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imposed  by  an  outside  source,  such  as  from  outer  space. 
Because  the  form  of  thought  is  disturbed,  communication  is 
confused  and  illogical  and  often  does  not  even  follow  the 
rules  of  semantics.  Speech  may  be  vague  or  repetitive  or  shift 
from  one  subject  to  another,  totally  unrelated  subject. 

In  many  individuals  with  schizophrenia,  emotions  are 
either  absent  or  totally  inappropriate  to  the  situation.  Inap- 
propriate emotion  is  demonstrated,  for  example,  by  the  indi- 
vidual who  smiles  or  laughs  while  describing  electrical  tor- 
tures. Individuals  who  lack  emotion  show  no  expression, 
speak  in  a monotone,  and  report  a lack  of  feeling.  Sudden 
and  unpredictable  changes  of  emotion  are  also  common. 

People  with  schizophrenia  are  frequently  withdrawn,  pre- 
occupied with  their  own  thoughts  and  delusions.  Extreme 
apathy  and  an  inability  to  initiate  activities  (avolition)  fre- 
quently mean  that  the  individual  has  no  interest  in  perform- 
ing everyday  activities,  including  maintaining  personal 
hygiene,  which  further  isolates  the  individual  from  the  main- 


stream. Motor  activity  is  generally  reduced  and  characterized 
by  inappropriate  and  bizarre  postures,  rigidity  that  resists 
efforts  to  be  moved,  or  purposeless  and  sterotyped  move- 
ments, for  example,  rocking  or  pacing.  At  times  people  with 
schizophrenia,  particularly  the  paranoid  type,  can  be  agitated 
and  violent  (Krakowski  and  Menahem,  1997). 

Diagnosis  Although  the  symptoms  described  above  seem 
to  be  easily  recognizable,  the  diagnosis  of  schizophrenia  is 
not  so  simple.  One  reason  is  that  no  two  individuals  show 
the  identical  pattern  of  symptoms,  nor  is  there  a single  symp- 
tom that  occurs  in  every  patient  with  schizophrenia.  Fur- 
thermore, symptoms  increase  and  decrease  over  time,  and 
the  predominant  symptoms  or  symptom  clusters  often 
change  over  the  years  in  the  same  individual,  which  may  lead 
to  a change  in  diagnosis.  The  question  of  whether  schizo- 
phrenia is  a single  disorder  or  a collection  of  disorders  has 
never  been  fully  resolved. 


BOX  18.1 


Clinical  Applications 


Left  lateral  and  posterior  surface  views  of  the  brain  showing  areas  of  increased  cerebral 
blood  flow  during  visual  and  auditory  hallucinations.  (From  Silbersweig  et  al.,  1991.) 


The  Functional 
Neuroanatomy  of 
Hallucinations 

One  prominent  core  characteristic  of 
schizophrenia  is  the  occurrence  of 
hallucinations,  which  are  perceptions 
in  the  absence  of  external  stimuli. 
Almost  everyone  has  on  occasion 
experienced  things  that  are  not  there, 
but  for  many  patients  with  schizo- 
phrenia the  perceptions  are  frequent 
and  seem  to  be  very  real.  Although 
the  most  common  hallucinations  are 
auditory,  the  experience  varies  from 
individual  to  individual. The  voices 
may  be  familiar  ones  such  as  a parent 
or  spouse,  or  unrecognized  voices 
that  may  be  interpreted  as  "foreign 
agents, "such  as  a radio  transmitter 
implanted  in  the  individual's  head,  or 
as  the  voices  of  angels.  In  many  cases 
words  and/or  their  meanings  are  not 
intelligible,  but  the  message  is  clearly 
understood  by  the  individual.  Unfor- 
tunately, although  the  message  may 
be  harmless,  such  as  a suggestion  to 


mow  the  lawn,  often  the  voices  are 
harsh,  critical,  or  demanding. The  voic- 
es may  accuse  the  individual  of  inap- 
propriate actions,  such  as  having 
raped  a woman  when  in  fact  he  just 
passed  her  on  the  street.  In  other 
instances,  the  voices  direct  the  indi- 
vidual to  perform  certain  behaviors 
that  can  lead  to  violent  and  destruc- 
tive ends.  Finally,  although  in  many 
cases  the  hallucinations  persist  over 


long  periods,  in  other  cases  the  voices 
occur  primarily  when  the  individual  is 
not  engaged  in  a task  or  has  limited 
sensory  input. 

Among  the  more  exciting  research 
into  the  etiology  of  hallucinations  is 
the  use  of  PET  or  SPECT  imaging  to 
scan  the  brain  during  an  ongoing  hal- 
lucination. Several  laboratories  have 

(continued  on  next  page) 
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BOX  18.1  (continued) 

produced  intriguing  results,  although 
the  functional  neuroanatomy  of  the 
hallucinations  is  not  identical  in  each 
individual.  When  the  scans  (refer  to 
the  figure)  of  several  individuals  were 
compared,  some  consistent  results 
became  apparent.  First,  in  the  vast 
majority  of  cases,  the  areas  activated 
were  located  in  the  left  cerebral 
hemisphere,  which  reflects  the  char- 
acteristic auditory-linguistic  nature 
of  the  hallucinations  and  the  fact  that 
the  left  hemisphere  specializes  in  lan- 
guage function  in  the  majority  of 
people.The  most  active  brain  areas 
are  within  the  auditory-linguistic 
association  cortex  rather  than  the  pri- 
mary cortex,  which  is  consistent  with 
the  internally  generated  nature  of  the 
experience.  Psychological  theories 
have  suggested  that  auditory  halluci- 
nations represent"inner  speech," that 
is,  the  individual  is  listening  to  his  or 
her  own  thoughts  and  cannot  tell  the 
difference  from  listening  to  an  out- 
side source.  However,  Broca's  area  in 
the  frontal  lobe,  which  is  responsible 


for  generating  fluent  speech,  is  not 
consistently  activated,  so  inner 
speech  may  be  involved  but  may  not 
be  the  central  pathological  process. 
Left  temporal  lobe  sites  (including 
Wernicke's  area  and  the  middle  tem- 
poral gyrus)  are  usually  active  during 
the  hallucination,  and  electrical  stim- 
ulation of  these  areas  can  produce 
auditory  hallucinations  in  a healthy 
individual.  Further, temporal  lobe 
activity  during  epileptic  seizures  is 
often  associated  with  auditory  hallu- 
cinations. 

Other  neocortical  areas  that  are 
active  reflect  the  content  of  the  indi- 
vidual hallucination.  Activation  in  the 
visual  association  cortex  (specialized 
for  higher-order  visual  perception) 
accompanies  visual  components  of  a 
hallucination.  We  might  add  that  the 
classic  hypofrontality  (reduced  activi- 
ty in  prefrontal  regions)  associated 
with  schizophrenia  may  also  con- 
tribute to  the  phenomenon.  Hypo- 
frontality and  the  resulting  lack  of 
inhibition  and  internal  monitoring 


may  lead  the  individual  to  falsely 
attribute  internally  generated  percep- 
tions to  the  external  environment. 

Somewhat  surprising  is  that  it  is  not 
only  cortical  areas  that  are  active.There 
is  also  a common  pattern  of  deep  brain 
activity:  subcortical  regions  including 
the  thalamus  and  limbic  (e.g.,  hip- 
pocampus, cingulate  cortex)  and 
parahippocampal  areas  show 
increased  activity  and  are  probably 
responsible  for  attention  and  the  emo- 
tional component  of  the  experience. 
These  areas  are  highly  interconnected 
with  one  another  and  with  the  activat- 
ed association  cortices. Cellular  abnor- 
malities in  these  brain  regions  are 
commonly  reported  in  schizophrenia, 
and  abnormal  dopamine  and  gluta- 
mate activity  are  believed  to  be 
involved  in  disrupting  these 
cortical-subcortical  circuits,  producing 
symptoms  (see  text).  Further  details  on 
the  functional  neuroanatomy  of  hallu- 
cinations can  be  found  in  a variety  of 
sources  (McGuire  et  al.,  1 993;  Silber- 
sweig  et  al.,  1995). 


Historically,  schizophrenia  has  been  organized  into  sub- 
types,  classified  as  catatonic  (alternating  periods  of  immobil- 
ity and  excited  agitation),  paranoid  (characteristic  delusions 
of  grandeur  or  persecution),  hebephrenic  (silly  and  immature 
emotionality  with  disorganized  behavior),  and  undifferenti- 
ated (cases  not  meeting  the  criteria  of  the  other  subtypes). 
These  categories  are  based  on  the  observations  of  Emil  Krae- 
pelin,  a German  psychiatrist  who  viewed  these  symptom  pat- 
terns as  manifestations  of  a single  disorder  in  the  early  1900s. 
Similar  categories  are  used  in  the  Diagnostic  and  Statistical 
Manual  of  Mental  Disorders  prepared  by  the  American  Psychi- 
atric Association,  now  in  its  fourth  revision  ( DSM-IV,  1994). 

A second  useful  classification  scheme,  stemming  from 
the  work  of  Crow  (1980)  and  modified  more  recently  by 
Andreasen  (1990),  is  that  of  positive  and  negative  symp- 
toms. The  positive  symptoms  of  schizophrenia  include  the 
more  dramatic  symptoms  of  the  disorder,  such  as  the  delu- 
sions and  hallucinations,  disorganized  speech,  and  bizarre 
behavior.  Patients  who  demonstrate  predominately  positive 
symptoms  tend  to  be  older  when  they  experienced  a sudden 
onset  of  symptoms  and  appeared  relatively  normal  in  their 


younger  years  before  the  symptoms  occurred.  These  patients 
respond  well  to  conventional  antipsychotic  medications  that 
block  dopamine  receptors  (D2),  while  their  symptoms  are 
made  worse  by  drugs  that  enhance  dopamine  function.  Cur- 
rent thinking  suggests  that  neurochemical  abnormalities  are 
significant  to  this  disorder  (see  the  section  on  abnormal 
dopamine  function). 

Negative  symptoms  are  characterized  by  a decline  of  nor- 
mal functions  and  include  reduced  speech  (alogia),  deficits 
in  emotional  responsiveness  (flattened  affect),  loss  of  initia- 
tive and  motivation  (avolition),  social  withdrawal,  loss  of 
ability  to  derive  pleasure  from  normally  pleasurable  activi- 
ties (anhedonia),  and  intellectual  impairment.  These  symp- 
toms are  among  the  most  resistant  to  classic  antipsychotic 
drugs  but  are  reduced  by  the  newer  “atypical”  antipsychotics 
(see  the  section  on  neuroleptics  and  atypical  antipsychotics). 
Unlike  patients  with  prominent  positive  symptoms,  patients 
with  negative  symptoms  tend  to  show  early  onset  of  some 
symptoms  and  a long  course  of  progressive  deterioration, 
perhaps  reflecting  long-term  neurodegeneration  or  develop- 
mental errors. 
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Long-term  outcome  depends  on 
pharmacological  treatment 

Before  the  advent  of  drug  therapy,  the  history  of  treatment 
for  schizophrenia  was  rather  dismal  (Figure  18.2A).  The 
mentally  ill  were  maintained  in  huge  mental  hospitals  where 
treatment  was  limited  to  isolation  or  restraint,  “shock”  ther- 
apy using  insulin-induced  seizures  or  electric  current,  or  sur- 
gery such  as  prefrontal  lobotomy.  Figure  18. 2B  shows  a 
steady  increase  in  the  number  of  hospitalized  psychiatric 
patients  in  the  United  States  from  1900  to  1956  because  such 
patients  were  usually  permanently  hospitalized.  In  1956,  the 
number  of  hospitalized  patients  began  a sudden  and  steady 
decline  despite  a continued  increase  in  initial  admissions. 
This  reduction  coincided  with  the  introduction  of  drug  ther- 
apy, in  particular  the  use  of  chlorpromazine  (Thorazine). 
Chlorpromazine,  a drug  in  the  phenothiazine  class,  was  ini- 
tially used  to  enhance  surgical  anesthesia  because  it  produces 
a sense  of  calmness  and  reduced  awareness  of  environmental 
stimuli  when  administered  before  surgery.  When  tried  with 
schizophrenic  patients,  chlorpromazine  was  especially  effec- 
tive because  it  calmed  the  excited  patient  and  activated  the 
patient  who  was  profoundly  withdrawn.  Many  modifications 
of  the  chlorpromazine  molecule  have  already  been  made, 
and  the  development  of  new  compounds  to  reduce  symp- 
toms with  fewer  side  effects  continues  today. 

Figure  1 8.2  Treatment  of  the  mentally  ill  (A)  Drawing 
depicting  one  of  the  available  methods  of 'treatment"  of  the 
mentally  ill  during  the  early  1 800s.  (B)  Patient  populations  in 
public  mental  institutions  in  the  United  States  increased  from 
1 900  to  1 956.  At  that  point  a dramatic  decline  occurred  in  the 
number  of  institutionalized  patients  following  the  introduction 
of  antipsychotic  drugs.  (After  Bassuk  and  Gerson,  1 978.) 


Predinical  Models  of  Schizophrenia 

Animal  models  of  schizophrenia  are  important  for  identify- 
ing the  neurochemical  and  genetic  basis  for  the  disorder. 
They  are  also  vital  for  screening  new  antipsychotic  drugs. 
Developing  such  models  is  difficult,  however,  because  the 
primary  symptom  is  profound  thought  disorder,  a cortical 
process  not  found  in  lower  animals. 

The  toxic  reaction  to  high  doses  of  central  nervous  system 
(CNS)  stimulants  is  a model  that  is  still  considered  among  the 
best.  It  was  found  quite  accidentally  when  clinicians  realized 
that  people  who  abuse  CNS  stimulants  (amphetamine  and 
cocaine)  frequently  show  signs  of  thought  disorder.  Addicts 
hospitalized  with  stimulant  toxicity  often  have  well-formed 
paranoid  delusions;  various  stereotyped,  compulsive  behav- 
iors; and  either  visual  or  auditory  hallucinations.  Even  trained 
clinicians  find  the  symptoms  to  be  indistinguishable  from 
those  of  paranoid  schizophrenia.  Also,  when  amphetamine  is 
administered  to  patients  with  schizophrenia,  the  patients 
report  that  their  existing  symptoms  get  worse,  not  that  new 
symptoms  are  produced.  Finally,  amphetamine-induced  psy- 
chosis can  be  treated  with  the  same  drugs  that  are  most  effec- 
tive in  treating  schizophrenia. 

In  animals,  high  doses  of  amphetamine  produce  a char- 
acteristic stereotyped  sniffing,  licking,  and  gnawing.  Because 
stereotyped  behavior  also  occurs  in  response  to  high  doses 
of  amphetamine  in  humans  and  is  similar  to  the  compulsive 
repetitions  of  meaningless  behavior  seen  in  schizophrenia, 
the  amphetamine-induced  stereotypy  is  used  in  the  labora- 
tory as  an  animal  model  for  schizophrenia.  For  many  years 
it  has  been  a classic  screening  device  to  identify  effective 
antipsychotic  drugs.  Because  high  doses  of  amphetamine 
release  dopamine,  the  abnormal  behaviors  produced  by  the 


446  Chapter  18 


drug  support  the  dopamine  hypothesis  of  schizophrenia  (see 
the  section  on  this  hypothesis  later  in  the  chapter). 

A second  screening  procedure  compares  the  dose-response 
curve  for  the  antipsychotic  drugs  inhibition  of  motor  activity 
induced  by  apomorphine  (a  dopamine  agonist)  with  the  curve 
for  the  drug’s  effectiveness  in  producing  catalepsy  (mainte- 
nance of  abnormal  postures).  Although  the  animal  models  for 
measuring  drug-induced  running  and  the  peculiar  posturing 
of  catalepsy  may  not  seem  to  reflect  psychotic  behavior  and 
extrapyramidal  symptoms,  respectively,  they  have  provided 
consistent  preclinical  results.  Drugs  that  are  effective  in  reduc- 
ing psychotic  symptoms  in  humans  quite  consistently  also 
reduce  apomorphine-induced  running  as  well  as  ampheta- 
mine-induced stereotyped  behaviors.  Likewise,  neuroleptics 
that  do  not  produce  catalepsy  in  rats  have  low  incidences  of 
motor  side  effects.  Figure  18.3  shows  that  for  the  classic 
antipsychotic  haloperidol,  the  dose-response  curves  for 
inhibiting  apomorphine-induced  locomotion  and  producing 
catalepsy  are  very  similar,  suggesting  that  doses  that  are  effec- 
tive in  reducing  the  locomotion  are  almost  identical  to  those 
that  induce  catalepsy.  In  contrast,  the  dose-response  curves  for 
the  atypical  antipsychotic  remoxipride  show  a much  larger  dif- 
ference in  doses  required  to  inhibit  hyperactivity  and  induce 
catalepsy.  This  type  of  preclinical  screening  predicts  a lower 
incidence  of  motor  side  effects  with  the  atypical  drugs,  and 
clinical  evaluation  with  patients  supports  that  conclusion. 

Another  drug-induced  syndrome  produced  in  humans  by 
high  doses  of  phencyclidine  (PCP;  “angel  dust”)  forms  the 
basis  for  the  dopamine-glutamate  hypothesis  of  schizophre- 
nia (see  the  section  on  this  hypothesis  later  in  the  chapter). 
At  low  doses,  PCP  produces  symptoms  of  drunkenness  and 
mild  stimulation,  which  progress  to  loss  of  body  boundaries 
and  withdrawal  from  social  interaction.  The  symptoms  of 
severe  PCP  intoxication  include  disorientation,  muteness, 
profound  cognitive  impairments,  various  motor  symptoms 
(e.g.,  agitation,  grimacing,  rigidity,  catalepsy,  tremors),  and 
occasionally  paranoid  delusions  (see  Chapter  14).  PCP- 
induced  psychosis  in  normal  individuals  closely  resembles 
an  acute  episode  of  schizophrenia.  Repeated  use  of  PCP  may 
produce  long-lasting  psychotic  symptoms.  Furthermore, 
PCP  intensifies  the  primary  symptoms  of  schizophrenia.  The 
usefulness  of  studying  PCP’s  action  stems  from  its  ability  to 
produce  both  positive  and  negative  symptoms  of  schizo- 
phrenia (Javitt  and  Zukin,  1991),  unlike  toxic  doses  of 
amphetamine,  which  produce  only  the  more  dramatic  posi- 
tive symptoms  of  paranoid  schizophrenia.  Note  that  both 
amphetamine  and  PCP  enhance  dopamine  release  and  block 
reuptake,  while  PCP  in  addition  antagonizes  glutamate 
transmission  (Lahti  et  al.,  1995). 

One  very  different  type  of  model  is  based  on  evidence 
that  schizophrenics  fail  to  “gate,”  or  filter,  most  of  the  senso- 
ry stimuli  they  receive.  Such  a defect  may  lead  to  sensory 
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Figure  1 8.3  Dose-response  curves  for  haloperidol  and 
remoxipride  for  blocking  apomorphine-induced  hyper- 
activity and  producing  catalepsy  in  rats  The  horizontal 
distance  between  the  curves  on  each  graph  represents  the  dif- 
ference in  potency  of  the  drug  required  to  produce  both  of  the 
effects.The  wider  the  separation  of  the  curves,  the  lower  the 
likelihood  that  the  effective  antipsychotic  dose  will  produce 
motor  side  effects  in  humans. 


overload  and  fragmented  thinking,  because  schizophrenics 
are  overwhelmed  by  sights  and  sounds  and  odors  in  the  envi- 
ronment that  they  cannot  filter  out.  The  acoustic  startle 
response  is  one  of  the  most  reliable  and  generalizable  models 
used  to  study  sensory-filtering  deficits,  and  it  can  be  utilized 
easily  in  both  animals  and  human  subjects.  Box  18.2  describes 
the  technique  called  prepulse  inhibition  of  startle  (PPI)  and 
demonstrates  the  elegance  of  this  model. 
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Classic  Neuroleptics  and  Atypical 
Antipsychotics 


Drugs  useful  in  treating  schizophrenia  are  called  antipsy- 
chotic drugs  or  neuroleptics,  a term  that  refers  to  their  abil- 
ity to  selectively  reduce  emotionality  and  psychomotor  activ- 
ity. A large  number  of  drugs  are  included  in  this  category, 
and  they  are  commonly  divided  into  two  classes:  traditional 
neuroleptics  and  the  newer  second-generation  (often  called 
“atypical”)  antipsychotics.  Although  none  of  the  drugs  is 
consistently  more  effective  than  the  others,  a particular  indi- 
vidual may  respond  better  to  one  drug  than  to  another. 
Therefore,  treatment  may  require  testing  several  antipsy- 
chotic drugs  to  find  the  one  most  effective  for  a given 
patient.  The  classic  antipsychotic  drugs  are  the  phenothi- 
azines,  such  as  chlorpromazine  (Tho- 
razine), and  the  butyrophenones,  such 
as  haloperidol  (Haldol).  Since  the  phe- 
nothiazines  are  still  the  largest  and 
most  commonly  used  class  of  antipsy- 
chotic drug,  much  of  our  discussion 
will  focus  on  them.  The  second-gener- 
ation antipsychotics,  such  as  clozapine 
(Clozaril),  risperidone  (Risperdal),  and 
aripiprazole  (Abilitat)  are  noteworthy 
because  they  appear  to  relieve  negative 
symptoms  more  effectively  than  con- 
ventional antipsychotics  and  they  pro- 
duce fewer  side  effects  involving  abnor- 
mal movements  (e.g.,  tremors,  rigidity). 

These  drugs  are  discussed  later  in  the 
chapter. 


Promazine 

(Prazine) 

Chlorpromazine 

(Thorazine) 

Trifluopromazine 

(Psyquil) 


Thioridazine 

(Melleril) 


(which  has  hydrogen  at  the  R2  position).  By  substituting  at 
Rp  an  antipsychotic  (thioridazine  [Melleril])  with  fewer 
motor  side  effects  is  created.  Further  changes  at  Rj  and  R2 
produce  drugs  (trifluoperazine  [Stelazine],  fluphenazine 
[Prolixene] ) that  further  vary  in  potency  and  side  effects.  This 
structure-activity  relationship  provides  clear  evidence  that 
molecular  modifications  alter  the  ability  of  the  drugs  to  bind 
to  specific  receptor- recognition  sites  in  the  cell  membranes. 
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Phenothiazines  and 
butyrophenones  are 
traditional  neuroleptics 

Chlorpromazine  was  the  first  phenothi- 
azine used  in  psychiatry,  but  many 
small  changes  in  the  shape  of  the  drug 
molecule  produced  a family  of  related 
compounds  that  differ  in  potency,  clin- 
ical effectiveness,  and  side  effects.  Fig- 
ure 18.4  shows  the  three-ring  phenothi- 
azine nucleus  and  the  structural 
relationships  of  several  other  drugs  in 
this  class.  By  changing  the  chemical 
groups  at  the  and  R2  positions,  many 
new  compounds  can  be  created  that 
vary  in  their  effects.  For  example,  chlor- 
promazine (which  has  a chlorine  at  R2) 
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Figure  1 8.4  Phenothiazine  nucleus  and  related  compounds  Minor  molecular 
modifications  determine  the  three  major  subgroups  of  phenothiazines  and  change 

side  effects. 
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BOX  1 8.2 


Pharmacology  in  Action 


Animal  Model— 
Prepulse  Inhibition 

of  Startle 


No  single  animal  model  can  mimic 
the  complex  symptomatology  of 
schizophrenia,  so  each  one  tends  to 
focus  on  one  aspect  of  the  disorder 
and  experimentally  induce  homolo- 
gous (similar)  changes  in  animal 
behavior.  It  is  assumed  that  subse- 
quent attempts  to  manipulate  the 
experimental  response  both  neuro- 
chemically  and  neuroanatomically 
should  provide  evidence  for  the 
neurobiological  basis  of  human 
behavior. 

Animal  models  are  used  to  screen 
new  therapeutic  drugs  for  effective- 
ness.These  models  may  not  resemble 
the  psychiatric  condition  at  all  and 
may  depend  on  neurochemically 
induced  behaviors  that  are  known  to 
respond  to  currently  useful  drugs.The 
disadvantage,  of  course,  is  that  such 
screening  devices  often  fail  to  identify 
drugs  with  novel  mechanisms  of 
action,  which  may  be  of  greatest 
importance  to  the  researcher. 

Of  the  available  models  for  schizo- 
phrenia, one  in  particular  meets  many 
of  the  objectives  of  conventional  test- 
ing. Among  the  symptom  clusters 
characteristic  of  schizophrenia,  the 
information-processing  abnormalities 
that  contribute  to  the  illogical  think- 
ing and  disorganized  behavior  has 
been  modeled  effectively.The  model 
called  prepulse  inhibition  (PPI)  of  star- 
tle focuses  on  the  failure  of  individuals 
with  schizophrenia  to  "gate,"  or  screen 
out,  irrelevant  stimuli.  By  failing  to 
screen  out  incoming  information,  they 
are  bombarded  by  stimuli,  causing 
sensory  overload,  fragmented  think- 
ing, and  thought  disorder.  Prepulse 
inhibition  refers  to  a reduction  in  the 


reflex  startle  response  to  a strong, 
rapid-onset  stimulus  (either  a sudden 
loud  tone  or  sudden  bright  light) 
when  it  is  preceded  by  a prepulse 
(occurring  30  to  500  milliseconds 
before)  that  is  too  weak  to  elicit  a star- 
tle response  itself.The  experimental 
design  is  shown  in  Figure  A.  Apparent- 
ly, under  normal  conditions  the  pre- 
pulse activates  a neural  circuit  that 
inhibits  the  reflex  to  the  second  stimu- 
lus. Although  the  startle  response 
itself  is  a relatively  simple  reflex,  the 
inhibition  of  the  reflex  is  exerted  by  a 
neuroanatomical  circuit  involving  the 
limbic  cortex,  striatum,  globus  pal- 
lidus,and  pontine  reticular  formation. 


Abnormalities  in  each  of  these  brain 
areas  have  been  implicated  in  the  eti- 
ology of  schizophrenia;  therefore,  fail- 
ure of  the  prepulse  to  inhibit  the  star- 
tle response  would  be  anticipated. 
Many  studies  have  shown  that  PPI  is 
diminished  in  schizophrenia,  which 
means  that  patients  do  not  inhibit  the 
startle  as  effectively  as  normal  sub- 
jects, as  shown  in  Figure  B.  Deficits  in 
PPI  occur  in  other  clinical  conditions 
that  involve  some  part  of  the  corti- 
cal— striatal— pallidal— pontine  circuit, 
such  as  obsessive-compulsive  disor- 
der, attention  deficit  disorder,  Hunt- 
ington's disease,  and  others.Thus,  PPI 
deficiency  is  associated  not  with  a 
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(A)  Demonstration  of  prepulse  inhibition  of  startle  for  a normal 
subject  The  graphs  on  the  left  show  the  stimulus  presentation;  the  graphs 
on  the  right,  the  response.  The  normal  startle  response  follows  the  single 
pulse.  The  inhibited  response  occurs  in  a normal  subject  when  a prepulse 
occurs  shortly  before  the  major  pulse. 
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BOX  18.2  (continued) 

specific  psychopathology  but  with 
deficits  in  gating  resulting  from 
abnormalities  in  a particular  brain 
circuit 

PPI  has  several  advantages  that 
make  it  an  appealing  animal  model. 
First,  the  reflex  is  simple  to  measure 
and  produces  reliable  results.  PPI  is 
exhibited  in  virtually  all  mammals, 
including  primates,  and  requires  no 
training.  In  human  studies  the  eye- 
blink  reflex  is  measured,  while  in  rats 
the  whole-body  flinch  is  evaluated. 

Support  for  the  dopamine  hypoth- 
esis comes  from  findings  that  PPI  is 
disrupted  by  systemic  administration 
of  dopamine  agonists  and  reinstated 
by  dopamine  receptor-blocking 
antipsychotic  drugs.That  is,  treatment 
with  apomorphine  or  other  dopamin- 
ergic drugs  interferes  with  the  normal 
gating  function. The  ability  of  antipsy- 
chotics,  including  the  atypical  antipsy- 
chotic clozapine,  to  restore  PPI  in  apo- 
morphine-treated  rats  at  doses  that 


strongly  correlate  with  clinical  poten- 
cy further  validates  this  model  (Figure 
C).  However,  PPI  is  also  disrupted  by 
systemic  administration  of  serotonin 
agonists  and  glutamate  antagonists 
and  by  a variety  of  surgical  or  neuro- 
chemical manipulations  of  the  corti- 
cal-striatal-pallidal-pontine circuit. 
Since  structural  or  functional  abnor- 
malities in  schizophrenic  patients 
have  been  reported  at  every  level  of 
the  gating  circuit  as  well  as  in  gluta- 
mate and  serotonin  function,  the  PPI 
model  may  provide  unique  informa- 
tion on  the  pathology  underlying 
schizophrenia. 

This  chapter  describes  the  interac- 
tion of  factors  that  contribute  to  the 
occurrence  of  schizophrenia:  genetic, 
anatomical, and  environmental. The 
PPI  model  is  especially  appealing 
because  it  also  responds  to  each  of 
these  factors.  First,  genetically  distinct 
rat  strains  differ  significantly  in  the 
dopaminergic  modulation  of  PPI.  Also, 


rats  that  have  been  bred  for  apomor- 
phine sensitivity  or  lack  of  sensitivity 
show  parallel  differences  in  PPI. Thus, 
if  genes  control  susceptibility  to  apo- 
morphine-induced  gating  disruption, 
such  a model  may  provide  informa- 
tion about  genetic-mediated  suscep- 
tibility to  schizophrenia.  Second,  some 
evidence  exists  to  suggest  that  early 
brain  lesioning  may  have  an  impact 
on  apomorphine-induced  disruption 
of  PPI  in  the  adult  animal. Third,  devel- 
opmental influences  such  as  isolation 
stress  early  in  life  significantly  reduce 
PPI  (impaired  gating),and  this  effect  is 
reversed  by  both  typical  and  atypical 
antipsychotic  drugs  (Varty  and  Hig- 
gins, 1995).  Such  parallels  make  PPI 
modeling  of  schizophrenia  a particu- 
larly appealing  design  and  one  that 
may  provide  a good  deal  of  new  infor- 
mation. A more  detailed  description 
of  these  experiments  and  the  PPI 
model  can  be  found  in  Swerdlow  and 
Geyer  (1998). 
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schizophrenia  at  two  different  also  restore  the  prepulse  inhibition  at  low  doses.  High-dose  anti- 
prepulse intervals  psychotics  also  require  higher  doses  to  restore  the  prepulse  inhibition. 
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Pharmacokinetics  Antipsychotics  are  only 
slowly  and  incompletely  absorbed  from  the 
gastrointestinal  tract.  Nevertheless,  they  are 
still  most  often  administered  orally  because 
they  are  used  over  extended  periods  of  time. 
Intramuscular  preparations  of  some  of  these 
drugs  are  also  available  for  patients  who  are 
unable  or  unwilling  to  take  an  oral  dose.  For 
individuals  who  fail  to  take  the  drug  reliably, 
a depot  injection  administered  either  intra- 
muscularly or  subcutaneously  may  be  used. 
The  slowly  dissolving  preparation  releases 
drug  into  the  system  so  gradually  that 
administration  is  needed  only  every  4 to  6 
weeks.  The  drugs  are  distributed  throughout 
the  body,  with  the  highest  concentrations  in 
the  liver  and  lungs.  Binding  to  inactive  sites 
such  as  blood  proteins  and  fat  is  significant 
and  release  from  these  sites  is  quite  gradual, 
resulting  in  a slow  rate  of  elimination.  In 
addition,  metabolism  is  also  quite  slow,  so 
that  metabolites  can  be  found  in  the  urine 
many  months  after  treatment  has  been  ter- 
minated. Because  of  the  binding  to  inactive 
sites  and  the  slow  metabolism,  the  half-life  of 
these  drugs  ranges  from  11  to  58  hours,  so 
only  a single  dose  is  needed  each  day.  The 
long  half-life  also  explains  why  symptoms 
reappear  gradually  after  drug  termination. 
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Figure  1 8.5  The  law  of  thirds  approximates  the  effectiveness  of  antipsy- 
chotic drug  treatment.  Overall,  approximately  two-thirds  of  patients  treated  with 
antipsychotic  drugs  show  significant  improvement. The  question  mark  indicates 
that  some  unspecified  fraction  of  the  least  responsive  third  fails  to  respond  to 
treatment  at  all. 


Effectiveness  The  introduction  of  antipsychotic  drugs 
during  the  1950s  dramatically  improved  the  treatment  of 
schizophrenic  patients.  The  effectiveness  of  these  drugs  has 
been  demonstrated  hundreds  of  times  in  double-blind, 
placebo-controlled  trials.  For  a significant  number  of 
patients,  the  antipsychotics  reduce  symptoms  and  decrease 
the  average  length  of  hospitalization.  Not  only  do  they  calm 
agitated  and  excited  patients,  but  they  also  make  socially 
withdrawn  and  inwardly  focused  patients  more  responsive 
and  communicative.  After  only  a few  doses,  the  hyperactive 
and  manic  symptoms  usually  disappear,  whereas  the  positive 
symptoms  of  schizophrenia  may  gradually  improve  over  sev- 
eral weeks.  Delusions,  hallucinations,  and  disordered  think- 
ing are  reduced,  and  improvements  in  insight,  judgment, 
self-care,  and  seclusiveness  are  seen.  More  resistant  to  treat- 
ment are  the  negative  symptoms  of  schizophrenia. 

Although  estimates  of  effectiveness  vary,  psychiatrists 
often  refer  to  the  law  of  thirds  (Figure  18.5).  One  third  of 
the  patients  treated  with  antipsychotics  show  excellent  symp- 
tom reduction  in  response  to  the  drugs  and  may  not  experi- 
ence subsequent  hospitalizations  even  when  they  discontinue 
medication.  These  individuals  show  few  residual  signs  of  the 
disorder.  They  are  employed  outside  the  institution,  may 
marry,  and  maintain  a relatively  normal  social  life.  The  sec- 
ond third  show  significant  improvement  of  symptoms  but 


may  experience  relapses  that  require  hospitalization  from 
time  to  time.  These  individuals  may  be  employed,  although 
usually  at  a reduced  occupational  level,  and  they  may  remain 
socially  isolated.  Some  require  significant  help  in  day-to-day 
living,  for  example,  in  maintaining  personal  hygiene,  prepar- 
ing meals,  or  keeping  scheduled  appointments.  The  final 
third  show  a lesser  degree  of  recovery  and  may  spend  a sig- 
nificant amount  of  time  each  year  in  a psychiatric  institu- 
tion. These  patients  need  much  more  help  in  dealing  with 
the  stresses  of  everyday  living.  Since  many  of  the  behavioral 
abnormalities  remain,  these  individuals  are  often  unem- 
ployed, have  few  social  relationships,  and  exist  on  the  mar- 
gins of  society.  Estimates  suggest  that  over  30%  of  the  adult 
homeless  population  in  the  United  States  may  suffer  from 
unmedicated  or  inadequately  medicated  psychosis.  Some 
portion  of  this  final  third  fail  to  respond  to  any  drug  treat- 
ment and  remain  institutionalized. 

Following  a patient’s  initial  recovery,  antipsychotic  drugs 
are  prescribed  as  maintenance  therapy  to  prevent  relapse. 
Recovered  patients  maintained  on  antipsychotics  have  about 
a 55%  chance  of  remaining  in  the  community  for  2 years  after 
leaving  the  hospital,  compared  with  a 20%  chance  for  those 
on  placebo.  Thus  drug  maintenance  more  than  doubles  an 
individual’s  chances  of  avoiding  significant  relapse.  Unfortu- 
nately, because  the  side  effects  of  these  drugs  (discussed  later  in 
this  chapter)  are  often  debilitating  and  extremely  unpleasant, 
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many  patients  fail  to  continue  treatment,  which  leads  to  a high 
relapse  rate. 

Although  psychotherapy  and  group  therapy  are  not  con- 
sidered substitutes  for  pharmacotherapy,  social-skills  training 
and  family  therapy  are  important  additions  to  drug  treat- 
ment. Psychoeducation  involves  enhancing  social  competence 
and  family  problem  solving,  teaching  vocational  skills,  mini- 
mizing stress,  and  enhancing  cooperation  with  medication 
schedules  (Goldstein,  1995). 


antipsychotic  drugs  bind  to  other  neurotransmitter  receptors 
in  addition  to  dopamine,  there  is  no  clear  relationship 
between  clinical  effectiveness  and  the  binding  to  serotonin 
(Figure  18.6B),  a-adrenergic,  or  histamine  receptors.  There- 
fore, the  correlation  with  DA  receptor  binding  establishes 
quite  clearly  the  mechanism  of  antipsychotic  drug  action. 

Now  that  it  is  clear  that  there  are  subtle  differences  among 
DA  receptors,  neuropharmacologists  have  been  concerned 


Dopamine  receptor  antagonism  is  responsible 
for  antipsychotic  action 

Neuroleptic  drugs  modify  several  neurotransmitter  systems; 
however,  their  clinical  effectiveness  is  best  correlated  to  their 
ability  to  antagonize  dopamine  (DA)  transmission  by  com- 
petitively blocking  DA  receptors  or  by  inhibiting  DA  release. 
Evidence  comes  from  several  sources,  including  the  drugs’ 
three-dimensional  structures,  their  side  effects,  receptor 
binding  studies,  changes  in  DA  turnover,  second-messenger 
function,  and  neuroendocrine  effects. 

First,  the  three-dimensional  shape  of  the  phenothiazines, 
as  determined  by  X-ray  crystallography,  can  be  superimposed 
on  the  three-dimensional  structure  of  DA.  Changing  small 
molecular  groups,  such  as  removing  a molecule  at  R2  (see  Fig- 
ure 18.4),  alters  the  ability  of  the  phenothiazine  to  look  like 
DA  and  in  this  way  reduces  its  pharmacological  activity.  Sec- 
ond, the  common  occurrence  of  parkinsonian  side  effects 
indirectly  suggests  that  neuroleptics  reduce  the  normal 
dopamine-mediated  inhibition  of  cholinergic  cells  in  the  stria- 
tum, which  is  responsible  for  Parkinson’s  Disease  (see  the  sec- 
tion on  parkinsonism). 

Receptor  binding  A strong  positive  correlation  exists 
between  the  ability  of  antipsychotic  drugs  to  displace  a 
labeled  ligand  on  dopamine  receptors  and  average  clinical 
daily  dose  (Figure  18.6A).  Drugs  that  readily  bind  to  the  DA 
receptor  at  low  concentration  because  of  their  high  affinity 
also  reduce  symptoms  at  low  doses.  Likewise,  antipsychotics 
that  require  higher  concentrations  to  bind  to  DA  receptors 
require  higher  doses  to  be  clinically  effective.  Although 


Figure  18.6  Correlation  between  antipsychotic  drug 
binding  to  neurotransmitter  receptors  and  clinical  effec- 
tiveness The  receptor  binding  studies  were  accomplished  by 
first  labeling  the  receptors  with  an  appropriate  radioactive  ligand 
for  each  neurotransmitter. The  antipsychotic  drug  was  added  in 
increasing  concentrations  until  it  competed  successfully  for  half 
of  the  labeled  sites.That  value  (Kf)  is  plotted  along  the  x-axis,  and 
the  corresponding  average  clinical  daily  dose  for  that  drug  is 
plotted  on  they-axis.  A clear  positive  correlation  is  found  for 
dopamine  receptor  binding  (A),  while  serotonin  receptor  binding 
shows  no  apparent  correlation  with  effectiveness  (B).  Further 
experiments  found  no  correlation  between  clinical  effects  and 
binding  to  either  a-adrenergic  or  histamine  receptors.  (After  Sny- 
der, 1996.) 
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with  finding  which  receptor  subtype  is  responsible  for  spe- 
cific effects  of  the  neuroleptics.  Researchers  hope  that  new 
drugs  can  be  designed  to  act  at  a particular  receptor  subtype 
to  reduce  psychotic  symptoms  without  acting  on  other  sub- 
types  that  produce  serious  side  effects.  Attention  has  been 
focused  on  the  Dp  D2,  D3,  and  D4  receptor  subtypes.  Neu- 
roleptics have  a particularly  high  affinity  for  D2  receptors, 
which  serve  as  both  normal  postsynaptic  receptors  and 
autoreceptors  and  are  located  in  the  basal  ganglia,  nucleus 
accumbens,  amygdala,  hippocampus,  and  cerebral  cortex. 
Figure  18.7  shows  a series  of  positron  emission  tomography 
(PET)  images  in  which  D2  receptors  in  the  basal  ganglia  were 
labeled  with  [llC]raclopride.  The  bright  areas  show  the  bind- 
ing of  the  labeled  drug  to  D2  receptors.  The  control  is  a scan 
of  a healthy  man  injected  only  with  the  [nC]raclopride  to 
show  maximum  binding.  The  remaining  scans  are  from 
schizophrenic  patients  given  [nC]raclopride  in  addition  to 
one  of  the  antipsychotic  drugs.  Reduction  of  radioactive  lig- 
and binding  indicates  competition  for  the  sites.  Striatal  D2 
receptors  were  almost  completely  blocked  by  haloperidol  and 
risperidone,  but  clozapine  had  less  affinity.  Although  a drug’s 
ability  to  bind  to  the  D2  receptor  is  closely  correlated  to  its 
effectiveness  in  reducing  psychotic  symptoms,  some  of  the 
atypical  antipsychotics,  such  as  clozapine,  may  produce  their 
unique  effects  by  acting  on  a combination  of  receptor  types. 

In  addition  to  reducing  dopaminergic  transmission  by 
blocking  postsynaptic  D2  receptors,  the  antipsychotics  also 
readily  block  D2  autoreceptors.  The  inhibitory  autoreceptors 
are  responsible  for  controlling  the  rate  of  firing  of  the  cell  as 
well  as  the  rate  of  synthesis  and  release  of  neurotransmitter. 
Applying  a DA  agonist,  such  as  apomorphine,  to  the  DA  cell 
bodies  in  the  substantia  nigra  (origin  of  nigrostriatal  cells) 
or  ventral  tegmentum  (origin  of  mesolimbic  and  mesocor- 
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Figure  1 8.7  D2  receptor  occupancy  by  antipsychotic 
drugs  PET  scans  of  a healthy,  untreated  male  (control)  and 
three  patients  with  schizophrenia  treated  with  the  traditional 
neuroleptic  haloperidol  or  with  an  atypical  antipsychotic  drug, 
clozapine  or  risperidone.  In  all  subjects,  striatal  D2  receptors 
were  labeled  with  [^Cjraclopride.The  scans  show  that  the 
radioactive  label  of  striatal  D2  receptors  was  almost  completely 
displaced  by  haloperidol  and  risperidone  binding  but  less  effec- 
tively by  clozapine.These  and  other  differences  in  receptor 
antagonism  are  thought  to  be  responsible  for  the  ability  of  the 
atypical  neuroleptics  to  reduce  symptoms  without  producing 
serious  motor  side  effects.  (Courtesy  of  Svante  Nyberg  and 
Anna-Lena  Nordstom,  Karolinska  Institute.) 


tical  neurons)  stimulates  the  autoreceptors  and  decreases  the 
rate  of  firing  of  the  dopaminergic  neurons.  This  inhibition 
is  antagonized  by  administration  of  an  effective  neuroleptic 
drug  such  as  chlorpromazine,  but  not  by  an  inactive  phe- 
nothiazine.  The  increase  in  firing  rate  after  antipsychotic 
administration  is  accompanied  by  increased  turnover  (syn- 
thesis, release,  and  metabolism)  of  DA. 

DA  turnover  Clinical  response  to  antipsychotic  treatment 
is  associated  with  an  initial  increase  in  dopamine  metabo- 
lism, which  is  determined  by  measuring  the  concentration  of 
the  principal  DA  metabolite,  homovanillic  acid  (HVA).  An 
increase  in  metabolism  is  assumed  to  reflect  an  increase  in 
neurotransmitter  release.  The  initial  increase  in  HVA  is  fol- 
lowed by  a gradual  decrease  with  chronic  treatment.  Patients 
who  are  good  responders  to  treatment  have  higher  initial  lev- 
els of  plasma  HVA  than  do  nonresponders.  They  also  show 
greater  drug-induced  reductions  of  the  metabolite  over  time 
(Siever  et  al.,  1993).  Patients  with  negative  symptoms  do  not 
show  the  initial  increase  in  HVA,  nor  do  they  show  the 
decline  in  HVA  with  continued  neuroleptic  treatment.  The 
changes  in  DA  metabolism  can  be  explained  by  neuroleptic 
action  at  D2  autoreceptors.  The  increase  in  DA  utilization 
follows  the  acute  blockade  of  autoreceptors  on  dopaminergic 
cells.  However,  chronic  blockade  with  neuroleptics  leads  to 
supersensitivity  (up-regulation)  of  the  autoreceptors,  allow- 
ing them  to  respond  appropriately  to  DA  by  reducing  DA 
synthesis,  release,  and  metabolism.  An  alternative  explana- 
tion for  the  gradual  decrease  in  turnover,  posed  by  Grace 
(1992),  suggests  that  after  the  initial  neuroleptic-induced 
increase  in  DA  turnover,  dopaminergic  cells  have  the  ability 
to  temporarily  inactivate  themselves.  This  temporary  inacti- 
vation, called  depolarization  block,  would  reduce  the  release 
of  DA  and  its  subsequent  metabolism.  The  time-dependent 
change  in  receptors  and  depolarization  block  help  to  explain 
the  gradual  onset  of  effectiveness  of  antipsychotic  drugs. 

Prolactin  release  Further  evidence  for  DA  receptor  block- 
ade comes  from  neuroendocrine  measures  of  prolactin. 
Under  normal  conditions,  DA  inhibits  prolactin  release.  By 
blocking  D2  receptors  in  the  pituitary  gland,  neuroleptics 
stimulate  the  secretion  of  prolactin,  which  leads  to  lactation, 
a disturbing  side  effect  of  antipsychotic  drug  use.  Measuring 
serum  prolactin  in  patients  provides  an  easy  measure  of  D2 
receptor  function  in  the  CNS. 

Slow  homeostatic  changes  Although  the  clinical  effec- 
tiveness of  antipsychotics  is  closely  correlated  with  dopamine 
receptor  blockade,  the  time  courses  of  the  two  events  are  sig- 
nificantly different.  While  the  receptor  blockade  is  almost 
immediate,  several  weeks  of  treatment  are  necessary  before 
symptoms  begin  to  subside.  This  disparity  in  time  course 
suggests  that  the  drugs  are  not  directly  targeting  the  locus  of 
the  disorder  but  are  gradually  inducing  the  nervous  system 
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to  make  adaptive  changes  that  lead  to  clinical  improvement. 
Some  of  the  slow  homeostatic  changes  that  occur  over  time 
are  depolarization  block,  change  in  receptor  number,  and 
altered  dopamine  turnover. 

Side  effects  are  directly  related  to 
neurochemical  action 

Unfortunately,  the  classic  antipsychotic  drugs  frequently  pro- 
duce a large  number  of  side  effects,  some  of  which  are  so  dis- 
turbing that  nonhospitalized  patients  stop  taking  the  drug 
and  suffer  a relapse  of  psychiatric  symptoms.  Because  patient 
compliance  (cooperation  in  following  the  treatment  sched- 
ule) is  a large  problem,  clinicians  most  often  choose  the  neu- 
roleptic to  prescribe  based  on  minimizing  the  side  effects  for 
a given  patient. 

Neuroleptic-induced  DA  receptor  antago- 
nism occurs  in  each  of  the  DA  pathways 
described  in  Chapter  5 and  is  responsible  not 
only  for  the  clinical  effectiveness  of  antipsy- 
chotics  but  also  for  many  of  their  side  effects. 

There  are  four  dopamine  pathways  in  the 
brain  that  are  important  for  understanding 
antipsychotic  drug  action,  three  of  which  are 
illustrated  in  Figure  5.7. 

1.  The  mesolimbic  pathway  projects  from 
the  ventral  tegmental  area  to  the  nucleus 
accumbens  and  other  limbic  areas.  It  is 
involved  in  many  behaviors,  as  well  as  the 
pleasure  derived  from  drugs  of  abuse  and 
the  delusions  and  hallucinations  of  schiz- 
ophrenia. It  is  reasonable  to  consider  the 
mesolimbic  pathway  as  the  site  for  the 
drug-induced  reduction  of  positive 
symptoms. 

2.  The  mesocortical  pathway  also  projects 
from  the  ventral  tegmental  area  but  sends 
axons  to  the  limbic  cortex,  where  it  may 
have  a role  in  the  cognitive  effects  and 
negative  symptoms  of  schizophrenia. 

3.  The  nigrostriatal  pathway  begins  in  the 
substantia  nigra  and  projects  to  the  stria- 
tum, where  it  contributes  to  the  modula- 
tion of  movement.  Parkinsonian  symp- 
toms are  caused  by  DA  receptor  blockade 
in  the  striatum.  Therefore,  neuroleptic 
effects  on  nigrostriatal  DA  are  likely  to  be 
responsible  for  parkinsonian  tremors  and 
other  motor  side  effects. 

4.  Projecting  from  the  hypothalamus  to  the 
pituitary  gland  are  the  short  neurons  that 
constitute  the  tuberohypophyseal  path- 
way, which  regulates  pituitary  hormone 


secretion.  Blockade  of  DA  receptors  in  this  pathway  is  the 
likely  source  of  the  neuroendocrine  side  effects. 

Parkinsonism  The  most  serious  and  troublesome  side 
effects  of  classic  antipsychotics  are  the  movement  disorders 
that  resemble  the  symptoms  of  Parkinson’s  disease  (see 
Chapter  5)  and  involve  the  extrapyramidal  motor  system. 
Parkinsonian  symptoms  include  tremors,  akinesia  (a  slowing 
or  loss  of  voluntary  movements),  muscle  rigidity,  akathesia 
(a  strong  feeling  of  discomfort  in  the  legs  and  an  inability  to 
sit  still,  which  compels  the  patient  to  get  up  and  walk  about), 
and  loss  of  facial  expression.  We  know  that  Parkinson’s  disease 
is  caused  by  a lack  of  dopamine  function  in  the  striatum  (a 
subcortical  brain  area  that  modulates  movement)  and  sub- 
sequent excess  cholinergic  neural  activity  (Figure  18.8). 


0 Dopamine  binding  to  DA 
receptors  normally  inhibits  the 
cholinergic  cell.  Blocking  these 
receptors  leads  to  the  same  motor 
effects  as  degeneration  of  the 
cells  in  Parkinson's  disease. 


■cl  Anticholinergic  drugs  block 
ACh  receptors  and  reduce 
parkinsonian  symptoms. 


GABA 


Substantia  nigra 


Degeneration  of  DA  cells  in 
Parkinson's  disease  removes  the 
inhibitory  influence  on  the  ACh 
neuron  so  it  fires  more  often,  causing 
the  movement  disorder. 


Figure  1 8.8  Schematic  diagram  showing  the  neurotransmitters 
involved  in  parkinsonian  symptoms  Parkinson's  disease  is  caused  by  degen- 
eration of  the  nigrostriatal  dopaminergic  neurons,  which  begin  in  the  substantia 
nigra. The  reduced  dopaminergic  cell  function  causes  a loss  of  inhibitory  control 
of  the  cholinergic  cells  in  the  striatum,  so  the  cholinergic  cells  fire  at  higher  rates. 
Drug-induced  parkinsonian  symptoms  follow  DA  receptor  blockade  in  the  stria- 
tum and  subsequent  excess  acetylcholine  activity,  which  is  functionally  similar 
to  the  loss  of  dopaminergic  cells  in  Parkinson's  disease.  Anticholinergic  drugs 
reduce  the  symptoms  of  Parkinson's  disease  and  the  side  effects  of  antipsychotic 
drug  treatment. 
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Knowing  that  the  classic  antipsychotic  drugs  block  dopamine 
receptors,  we  assume  that  drug-induced  parkinsonism  is  due 
to  dopamine  blockade  in  that  area  of  the  brain.  To  verify  this 
hypothesis,  experiments  using  PET  showed  that  neuroleptic- 
treated  patients  with  parkinsonian  symptoms  had  more 
dopamine  receptors  of  the  D1  type  in  the  striatum  than  did 
those  without  those  side  effects  (Farde  et  al.,  1992).  Such 
compensatory  receptor  up-regulation  is  likely  to  occur  after 
reduced  dopamine  transmission.  Therefore,  it  is  assumed  that 
the  antipsychotic-induced  tremors  are  due  to  the  blockade 
of  dopamine  receptors  in  the  striatum,  the  projection  region 
of  the  nigrostriatal  dopaminergic  neurons.  Since  one  way  to 
treat  the  symptoms  of  Parkinsons  disease  is  to  reduce  excess 
acetylcholine  activity,  neuroleptic  drugs  that  have  anti- 
cholinergic action  have  been  developed  to  minimize  the 
parkinsonian  side  effects.  One  such  example  is  thioridazine. 
Alternatively,  combining  antipsychotic  drug  treatment  with 
an  anticholinergic  drug  such  as  benztropine  (Cogentin)  is 
also  a common  treatment  approach.  In  addition,  several  of 
the  atypical  antipsychotics,  such  as  clozapine  and  risperi- 
done, produce  a lower-than-normal  incidence  of  extrapyra- 
midal  side  effects  (see  the  section  on  atypical  antipsychotics). 

Tardive  dyskinesia  A second  type  of  motor  side  effect 
associated  with  prolonged  use  of  antipsychotic  drugs  is  tar- 
dive dyskinesia  (TD).  TD  is  characterized  by  stereotyped 
involuntary  movements,  particularly  of  the  face  and  jaw, 
such  as  sucking  and  lip  smacking,  lateral  jaw  movements, 
and  “fly-catching”  movements  of  the  tongue.  There  may  also 
be  purposeless,  quick,  and  uncontrolled  movements  of  the 
arms  and  legs  or  slow  squirming  movements  of  the  trunk, 
limbs,  and  neck.  Estimates  suggest  that  TD  appears  in  about 
10  to  20%  of  patients  treated  with  neuroleptics  overall. 
Although  TD  may  appear  in  any  age  group,  the  incidence 
increases  to  50%  in  patients  over  60  years  of  age  and  may 
exceed  70%  in  geriatric  patients.  It  is  generally  assumed  that 
the  dose  of  neuroleptic  and  duration  of  treatment  are  related 
to  the  occurrence  of  TD.  To  demonstrate  the  importance  of 
treatment  duration,  Figure  18.9  shows  the  cumulative  inci- 
dence of  TD  in  a group  of  362  chronic  psychiatric  patients 
who  were  maintained  on  antipsychotic  drugs.  The  conclu- 
sion that  two  out  of  three  patients  maintained  on  antipsy- 
chotics for  a period  of  25  years  will  develop  TD  is  a sobering 
one  that  should  encourage  further  research  into  treatment 
strategies  that  minimize  such  side  effects.  Although  the 
symptoms  are  considered  to  be  irreversible  in  some  patients, 
for  many  individuals  improvement  does  gradually  occur. 
However,  in  many  cases  the  symptoms  are  much  worse  when 
the  drug  is  first  terminated  and  persist  for  long  periods  after 
the  withdrawal  of  neuroleptics.  Reversal  of  TD  occurs  most 
readily  in  younger  patients. 

Despite  a good  deal  of  research  with  both  animal  and 
human  models,  the  underlying  neuropathology  responsible 
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Years  of  chronic  drug  treatment 

Figure  1 8.9  Cumulative  incidence  of  tardive  dyskinesia 

in  a group  of  psychiatric  patients  maintained  on  antipsychotic 
medication.  Evaluation  of  the  patients  showed  an  average  inci- 
dence of  approximately  6%  for  each  of  the  first  5 years,  with  a 
cumulative  incidence  of  30%  at  the  end  of  5 years  of  chronic 
medication.  By  combining  data,  the  investigators  estimated  the 
1 0-year  and  25-year  risks.  Clearly,  long-term  treatment  increas- 
es the  probability  of  developing  tardive  dyskynesia. 


for  TD  is  not  known.  A hypersensitivity  of  some  DA  recep- 
tors and  a Dj-02  receptor  imbalance  are  possibilities,  but 
neurotoxic  effects  of  free-radical  by-products  from  cate- 
cholamine metabolism  has  also  received  some  support. 
However,  GABA  (y-aminobutyric  acid)  insufficiency,  cholin- 
ergic hypofunction,  or  a serotonin-dopamine  interaction 
may  contribute  to  TD  (Casey,  1995). 

Neuroendocrine  effects  Blockade  of  receptors  in  the 
dopamine  pathway  that  regulates  pituitary  function  pro- 
duces a variety  of  neuroendocrine  effects.  These  effects 
include  breast  enlargement  and  tenderness,  decreased  sex 
drive,  lack  of  menstruation,  increased  release  of  prolactin 
(frequently  producing  lactation),  and  inhibition  of  growth 
hormone  release.  Reduced  growth  hormone  release  repre- 
sents a significant  therapeutic  issue  when  medicating  chil- 
dren and  adolescents.  In  addition,  significant  weight  gain 
and  the  inability  to  regulate  body  temperature  can  be  dis- 
turbing side  effects,  particularly  for  young  people  who  are 
concerned  with  body  image. 

Neuroleptic  malignant  syndrome  Of  the  possible  side 

effects,  neuroleptic  malignant  syndrome  (NMS)  is  the  most 
serious  and  life-threatening.  NMS  is  characterized  by  fever, 
rigidity,  altered  consciousness,  and  autonomic  nervous  sys- 
tem instability  (including  rapid  heart  rate  and  fluctuations 
in  blood  pressure).  NMS  is  potentially  lethal,  but  rapid  diag- 
nosis and  immediate  action  have  significantly  reduced  the 
mortality  risk. 
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Additional  side  effects  Antipsychotic  drugs  have  not  only 
dopamine-blocking  effects  but  also  anticholinergic  and  anti- 
adrenergic  actions.  These  complex  interactions  produce 
widespread  effects  on  the  autonomic  nervous  system.  For 
example,  blocking  cholinergic  synapses  produces  effects  such 
as  dry  mouth,  blurred  vision,  constipation,  difficulty  in  uri- 
nation, and  decreased  gastric  secretion  and  motility.  Ortho- 
static hypotension  (low  blood  pressure  when  an  individual 
stands  upright)  from  the  antiadrenergic  action  of  antipsy- 
chotics  leads  to  dizziness,  faintness,  or  blacking  out.  Many  of 
these  drugs  produce  significant  sedation,  which  may  be  very 
troublesome  for  some  patients  but  useful  for  those  who  suf- 
fer from  agitation  and  restlessness. 

In  general,  the  particular  phenothiazine  chosen  for  a 
patient  depends  on  its  side  effects.  For  example,  chlorpro- 
mazine  or  thioridazine  may  be  used  because  they  tend  to 
minimize  the  extrapyramidal  side  effects,  although  their 
sedative  effects  may  be  undesirable  and  the  probability  of 
autonomic  side  effects  is  relatively  high.  Haloperidol,  in  con- 
trast, tends  to  produce  less  sedation  and  fewer  autonomic 
side  effects  but  is  associated  with  a greater  probability  of 


movement  disorders.  Many  of  the  newest  antipsychotic 
drugs  have  been  developed  to  provide  professionals  with 
more  options  for  matching  a particular  patient  and  the  side 
effects  he  or  she  can  tolerate.  For  example,  clozapine,  the 
best-known  atypical  antipsychotic,  causes  a low  incidence  of 
extrapyramidal  side  effects  and  TD;  however,  it  may  produce 
cardiovascular  irregularities,  cause  hypersalivation  and 
weight  gain,  and  increase  the  risk  of  seizures.  In  addition,  the 
risk  of  bone  marrow  toxicity  posed  with  this  drug  necessitates 
regular  and  careful  monitoring  of  blood  cell  count.  (Clozap- 
ine is  discussed  further  in  subsequent  sections.)  Table  18.1 
lists  a number  of  traditional  and  atypical  antipsychotic  drugs 
and  rates  the  incidence  of  specific  side  effects  for  each  drug. 

Tolerance  and  dependence  Clinically,  the  antipsychotic 
drugs  cause  little  or  no  tolerance,  physical  dependence,  or 
abuse  potential  (psychological  dependence).  Patients  can 
take  the  same  dose  of  these  drugs  for  years  without  seeing  a 
reduction  in  the  effectiveness  in  reducing  psychotic  symp- 
toms. However,  some  tolerance  to  the  sedative,  hypotensive, 
and  anticholinergic  effects  develops  gradually  over  a period 


TABLE  1 8.1  Partial  List  of  Commonly  Used  Traditional  and  Atypical  Antipsychotic  Drugs 
and  Their  Side  Effects 


Generic  name  (trade  name) 

Sedation 

Autonomic 
side  effects0 

Hypotension6 

Motor  disorders 

Typical  antipsychotics 

Chlorpromazine  (Thorazine) 

High 

High 

High 

Moderate 

Prochlorperazine  (Compazine) 

Moderate 

Low 

Low 

High 

Triflupromazine  (Vesprin) 

High 

Moderate 

Moderate 

Moderate 

Thioridazine  (Mellaril) 

Moderate-high 

Moderate-high 

Moderate-high 

Low 

Trifluoperazine  (Stelazine) 

Low-moderate 

Low-moderate 

Low 

High 

Fluphenazine  (Prolixin) 

Low 

Low 

Low 

High 

Perphenazine  (Trilafon) 

Low-moderate 

Low 

Low 

High 

Mesoridazine  (Serentil) 

High 

Moderate 

Moderate 

Low 

Thiothixene  (Navane) 

Low 

Low-moderate 

Low 

Moderate-high 

Haloperidol  (Haldol) 

Low 

Very  low 

Low 

High-very  high 

Loxapine  (Loxitane) 

Moderate 

Low 

Low 

Moderate 

Molindone  (Moban) 

Moderate 

Low 

Very  low 

Low-moderate 

Atypical  antipsychotics 

Clozapine  (Clozaril) 

Moderate-high 

Moderate 

Moderate-high 

Low 

Olanzapine  (Zyprexa) 

Moderate 

Low 

Moderate 

Very  low 

Risperidone  (Risperdal) 

Low-moderate 

Very  low-low 

Moderate 

Low 

Quetiapine  (Seroquel) 

Moderate 

Moderate 

Moderate 

Very  low 

Ziprasidone  (Zeldox) 

Low 

Low 

Moderate 

Very  low 

Source:  After  Grilly,  2002;  Julien,  2002;  Jibson  and  Tandon,  1998. 

"Includes  blurred  vision,  dry  mouth,  reduced  gastric  secretion  and  motility,  urinary  retention,  and  constipation. 
fcDrop  in  blood  pressure  upon  standing  upright  (orthostatic),  dizziness,  faintness,  or  blacking  out. 
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of  weeks.  The  lack  of  physical  dependence  is  demonstrated 
by  the  absence  of  withdrawal  symptoms  following  abrupt 
cessation  of  these  drugs  even  after  years  of  administration. 
The  lack  of  abstinence  syndrome  may  be  due  to  the  long 
half-life  of  the  drugs  and  the  prolonged  presence  of  the  drugs 
and  their  active  metabolites  in  the  body  before  excretion. 
However,  abrupt  termination  of  the  drugs  may  unmask  signs 
of  TD. 

Since  the  neuroleptics  do  not  produce  euphoria  and  have 
subjectively  unpleasant  effects,  these  drugs  are  rarely  abused. 
Animal  studies  also  demonstrate  a low  incidence  of  self-admin- 
istration and  a tendency  to  avoid  these  drugs.  Despite  the 
drugs’  unpleasant  nature  and  disagreeable  side  effects,  the 
antipsychotics  are  not  lethal  and  have  a high  therapeutic  index, 
which  makes  them  unlikely  candidates  for  drug  overdose. 

Atypical  antipsychotics  are  distinctive 
in  several  ways 

The  principal  difference  between  the  second-generation,  or 
atypical,  neuroleptics  and  the  traditional  neuroleptics  is  that 
the  newer  agents  generally  reduce  symptoms  of  schizophre- 
nia without  causing  significant  extrapyramidal  side  effects. 
Second,  many  do  not  produce  the  predicted  results  in  behav- 
ioral screening  tests.  Third,  some  atypical  antipsychotics  can 
reduce  negative  as  well  as  positive  symptoms  and  are  effec- 
tive in  treatment-resistant  patients.  Unfortunately,  there 
seems  to  be  no  single  neurochemical  characteristic  that  iden- 
tifies neuroleptics  that  produce  atypical  effects.  The  best  cur- 
rent explanation  is  that  the  drugs  either  block  D2  receptors 
incompletely  or  block  other  receptors  to  restore  an  imbal- 
ance that  exists  among  neurotransmitters  (Seeman,  1990). 


types  in  addition  to  D7  receptors.  The  rationale  for  this  work 
is  the  clinical  effectiveness  of  clozapine,  a drug  that  has  rela- 
tively weak  affinities  for  Dx  and  D2  and  substantial  seroton- 
ergic, muscarinic,  and  histaminergic  affinities,  as  well  a high 
affinity  for  the  D4  receptor.  While  there  is  general  agreement 
that  D2  receptors  are  important  for  antipsychotic  effects, 
some  laboratories  hypothesize  that  typical  and  atypical  neu- 
roleptics can  be  differentiated  by  their  ratio  of  antagonism 
for  various  receptors.  For  instance,  a high  degree  of  binding 
to  D4  receptors,  found  in  high  concentration  in  the  mesolim- 
bic  system  and  frontal  cortex,  may  enhance  the  therapeutic 
effect  but  minimize  the  nigrostriatal  motor  symptoms  asso- 
ciated with  D2  occupation.  Other  evidence  suggests  the 
importance  of  antagonism  of  the  5-HT2  receptor  in  combi- 
nation with  D2  blockade  (Meltzer,  1999).  Figure  18.10  shows 
that  the  atypical  neuroleptics  clozapine  and  risperidone 
readily  bind  to  5-HT2  receptors,  while  haloperidol  does  not. 
In  contrast,  haloperidol  almost  completely  blocks  D2  recep- 
tors (see  Figure  18.7),  while  the  atypical  drugs  show  a partial 
effect  on  D2.  Whether  this  difference  in  receptor  antagonism 
is  responsible  for  selectively  reducing  negative  symptoms  or 
for  minimizing  extrapyramidal  effects  is  not  known.  How- 
ever, Csernansky  and  coworkers  (1990)  found  a positive  cor- 
relation between  5-HIAA  (a  5-HT  metabolite)  in  cere- 
brospinal fluid  (CSF)  and  negative-symptom  rates,  which 
would  suggest  that  increased  5-HT  function  is  associated 
with  the  symptoms.  Muscarinic  receptor  antagonism  and  the 
ratio  of  Dj  to  D2  receptor  occupation  are  also  considered 
possible  factors  in  defining  atypical  neuroleptic  action 
(Richelson,  1995). 

Clozapine  is  the  best-known  atypical  antipsychotic.  Pre- 
clinical  animal  testing  shows  that  it  blocks  apomorphine- 


Selective  D2  receptor  antagonists  Since  effec- 
tive antipsychotic  drugs  block  D2  receptors,  the 
first  attempts  to  develop  new  drugs  with  fewer  side 
effects  evaluated  selective  D2  receptor  antago- 
nists. Examples  of  such  drugs  include  sulpiride, 
raclopride,  and  remoxipride.  All  three  bind  specif- 
ically to  D2  receptors  along  with  a slight  affinity  for 
D3  receptors,  which  may  explain  why  their  behav- 
ioral effects  differ  from  those  of  traditional  neu- 
roleptics. Their  selectivity  for  DA  receptors  also 
means  that  effects  on  the  autonomic  nervous  sys- 
tem and  cardiovascular  system  are  minimal  and 
sedation  is  mild.  However,  hormonal  side  effects 
tend  to  be  common,  and  the  risk  of  fatal  blood  dis- 
orders (especially  with  remoxipride)  reduces  the 
utility  of  the  drugs. 

Broad-spectrum  antipsychotics  A second 
trend  in  neuropharmacology  is  to  evaluate  broad- 
spectrum  antipsychotics  that  block  other  receptor 
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Figure  1 8.1 0 5-HT2  receptor  binding  by  atypical  antipsychotics 

PET  scans  of  a healthy  untreated  male  (control)  and  three  patients  with 
schizophrenia  treated  with  the  traditional  neuroleptic  haloperidol  or  with 
an  atypical  antipsychotic  drug,  clozapine  or  risperidone. In  all  subjects, 
neocortical  5-HT2  receptors  were  labeled  with  [11C]A/-methylspiperone 
(f1  ^INMSPJ.The  scans  show  that  both  atypical  antipsychotics  but  not 
haloperidol  reduced  5-HT2  binding. These  and  other  differences  in  recep- 
tor antagonism  are  thought  to  be  responsible  for  the  ability  of  atypical 
neuroleptics  to  reduce  schizophrenic  symptoms  (negative  as  well  as  posi- 
tive) with  a minimum  of  motor  side  effects.  (Courtesy  of  Svante  Nyberg 
and  Anna-Lena  Nordstom,Karolinska  Institute.) 
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induced  hyperactivity  but  does  not  produce  catalepsy  except 
at  high  doses,  which  predicts  a low  incidence  of  motor  side 
effects.  Although  clozapine  is  no  more  effective  than  standard 
neuroleptics  in  treating  the  positive  symptoms  of  schizophre- 
nia, it  is  often  effective  in  patients  who  do  not  respond  to  clas- 
sic antipsychotic  treatment.  Clozapine  produces  significant 
improvement  in  60%  of  patients  who  do  not  respond  to  typ- 
ical neuroleptics.  However,  response  to  clozapine  may  not  be 
evident  until  after  5 months  of  treatment  (Meltzer,  1995). 
Why  there  is  such  a long  delay  in  effectiveness  is  not  known. 
Clozapine  is  also  the  first  antipsychotic  that  can  reduce  nega- 
tive symptoms  as  well  as  reduce  anxiety  and  tension.  Unfor- 
tunately, the  drug  has  a wide  variety  of  side  effects  because  of 
its  action  on  multiple  receptors.  Clozapine  reduces  the  seizure 
threshold,  making  seizures  more  likely  in  the  vulnerable  indi- 
vidual. It  also  produces  hypersalivation,  weight  gain,  and  car- 
diovascular problems.  A more  serious  side  effect  is  the  occur- 
rence of  agranulocytosis,  a serious  blood  abnormality  that 
can  be  detected  only  with  frequent  blood  screening  tests.  The 
increased  expense  of  testing  and  seriousness  of  side  effects 
restrict  the  use  of  clozapine  to  selected  patients. 

The  development  of  the  multireceptor  antipsychotic 
risperidone  (Risperdal)  is  particularly  exciting  because  the 
drug  seems  to  have  many  of  the  benefits  of  clozapine  without 
the  risk  of  blood  disorders.  Risperidone  is  chemically  unre- 
lated to  any  other  antipsychotic  and  is  a potent  5-HT2A,  5- 
HT7,  0Cj-  and  a2-adrenergic,  and  histamine  Hj  receptor 
antagonist.  It  is  also  a D?  receptor  antagonist  comparable  to 
haloperidol,  although  it  is  a relatively  weak  antagonist  at  Dx 
and  D4  receptors.  Preclinical  testing  shows  that  risperidone 
blocks  apomorphine-induced  hyperactivity  at  a dose  that 
produces  only  mild  catalepsy,  so  its  profile  suggests  antipsy- 
chotic effectiveness  with  minimal  extrapyramidal  symptoms. 
Data  compiled  from  four  well-designed,  double-blind  stud- 
ies comparing  the  effectiveness  of  risperidone,  haloperidol, 
and  placebo  are  shown  in  Figure  18.1 1 (Lindenmayer,  1994). 
Clearly,  administration  of  placebo  produced  only  minimal 
changes  in  the  scores  for  the  three  categories:  (1)  positive 
symptoms;  (2)  negative  symptoms;  and  (3)  general  psy- 
chopathology. Haloperidol  dramatically  improved  the  posi- 
tive symptoms  but  had  little  effect  on  the  other  two  meas- 
ures. Risperidone  improved  all  7 items  on  the  positive  scale, 
all  7 on  the  negative  scale,  and  13  out  of  16  items  on  the  psy- 
chopathology scale.  Furthermore,  risperidone  did  not  pro- 
duce any  more  extrapyramidal  symptoms  than  did  placebo. 
However,  the  most  common  side  effects  with  risperidone  are 
insomnia,  anxiety,  agitation,  sedation,  dizziness,  hypoten- 
sion, weight  gain,  and  menstrual  disturbances.  Risperidone 
has  great  potential  because  of  its  unique  combination  of  clin- 
ical effects  and  lack  of  the  most  serious  usual  side  effects. 
Unfortunately,  risperidone  may  increase  a users  probability 
of  developing  diabetes,  which  is  a serious  problem  that  will 
require  further  investigation. 


Figure  1 8.11  Improvement  in  positive  symptoms,  nega- 
tive symptoms,  and  general  psychopathology  in  patients 
with  schizophrenia  treated  with  placebo,  haloperidol,  and 
risperidone.  While  haloperidol  improved  the  positive  symp- 
toms, it  was  no  more  effective  than  placebo  for  alleviating  neg- 
ative symptoms  and  general  psychopathology.  In  contrast, 
risperidone  significantly  improved  all  three  measures  of  the  dis- 
order. (After  Lindenmayer,  1 994.) 


Dopamine  system  stabilizers  Among  the  newest  of  the 
atypical  antipsychotics  are  the  dopamine  system  stabilizers. 
The  prototypic  drug  aripiprazole  (Abilitat)  is  a dopamine 
agonist-antagonist,  which  means  that  the  drug  readily  binds 
to  DA  receptors  but  produces  less  of  an  effect  than  DA  itself. 
Hence  aripiprazole  competes  with  DA  for  DA  receptors  in 
overactive  synapses,  reducing  the  effect  of  DA  for  as  long  as 
the  drug  is  bound.  By  reducing  excessive  DA  activity,  the  pos- 
itive symptoms  are  reduced.  In  contrast,  the  same  drug  stim- 
ulates DA  receptors  in  brain  areas  where  there  may  be  too  lit- 
tle DA,  thus  reducing  negative  symptoms.  In  clinical  trials 
the  drug  had  a low  incidence  of  side  effects.  There  was  little 
evidence  of  cardiotoxicity  or  motor  side  effects.  The  reported 
adverse  effects  such  as  headache,  agitation,  insomnia,  and 
nervousness  were  minor.  Aripiprazole  may  represent  a new 
class  of  antipsychotics  that  is  more  readily  accepted  because 
of  fewer  unpleasant  side  effects. 

Section  Summary 

Schizophrenia  is  a chronic,  debilitating  psychiatric  disorder 
that  occurs  in  about  1%  of  the  world’s  population.  This 
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severe  thought  disorder  often  prevents  individuals  from 
engaging  in  productive  interaction  with  the  world  around 
them.  It  is  most  easily  discussed  in  terms  of  positive  and  neg- 
ative symptom  clusters.  Patients  with  positive  symptoms 
tend  to  be  older  at  the  onset  of  the  first  episode,  experience 
abrupt  onset  of  symptoms,  and  usually  respond  well  to 
antipsychotic  drug  treatment,  which  leads  some  to  suggest 
an  underlying  neurochemical  abnormality.  Patients  with 
negative  symptoms  tend  to  show  pathology  earlier  in  life,  so 
the  onset  of  symptoms  is  more  gradual.  Negative  symptoms 
are  more  difficult  to  treat  with  classic  antipsychotic  drugs. 

The  positive  symptoms  of  schizophrenia  are  significantly 
reduced  by  the  classic  and  the  atypical  antipsychotic  drugs 
in  a majority  of  patients.  Evidence  suggests  that  the  mecha- 
nism of  action  of  effective  drugs  involves  DA  receptor  block- 
ade (particularly  of  D2  receptors),  especially  in  the  limbic 
areas  of  the  brain.  Unfortunately,  effectiveness  is  often 
accompanied  by  significant  side  effects  that  are  unpleasant 
and  sometimes  disabling.  Among  the  most  troublesome  are 
the  motor  side  effects:  parkinsonian  symptoms  and  tardive 
dyskinesia.  Further  chemical  refinements  that  improve  the 
drugs’  specificities  for  receptor  subtypes  may  enhance  safe- 
ty, selectivity,  and  effectiveness.  Atypical  antipsychotics  are 
distinct  in  that  they  reduce  negative  symptoms  as  well  as 
positive  symptoms  while  also  reducing  the  potential  for  seri- 
ous motor  side  effects.  These  differences  may  be  due  to  their 
action  at  5-HT  receptors  or  at  dopamine  or  D4  receptors 
in  addition  to  D2  receptors. 

Etiology  of  Schizophrenia 

Scientists  from  several  disciplines  use  a variety  of  strategies 
to  uncover  the  causes  of  schizophrenia.  The  goal  is  to  devel- 
op an  integrated  approach  to  psychopathology  considering 
anatomical,  neurochemical,  and  functional  factors.  Schizo- 
phrenia is  best  understood  as  a disorder  having  a genetic 
component  that  makes  the  individual  more  vulnerable  to 
particular  environmental  factors  than  the  average  person. 

Abnormalities  of  brain  structure  and  function 
occur  in  individuals  with  schizophrenia 

Until  recently,  differences  in  the  brains  of  individuals  with 
schizophrenia  compared  with  controls  could  not  be  detected. 
However,  with  the  development  of  new  techniques  in  neuro- 
science, differences  of  several  kinds  have  been  found,  includ- 
ing structural  differences,  functional  abnormalities,  and 
irregularities  in  psychophysiological  measures. 

Structural  abnormalities  Brain  imaging  techniques  such 
as  computerized  tomography  and  magnetic  resonance  imag- 
ing continue  to  produce  evidence  of  structural  abnormali- 


28-year-old  male  identical  twins 


Well  Affected 


Figure  1 8.1 2 Brain  images  of  twins  not  concordant  for 
schizophrenia  The  arrows  in  the  figure  point  to  the  ventricles 
filled  with  cerebrospinal  fluid.The  healthy  twin  has  normal- 
sized ventricles,  while  his  schizophrenic  twin  has  ventricles  that 
are  much  enlarged.  (Courtesy  of  Drs.  E.  Fuller Torrey  and  Daniel 
Weinberger.) 

ties  in  the  brains  of  people  with  schizophrenia.  Many  stud- 
ies show  cerebral  atrophy  (shrinking  or  wasting  away)  and 
enlargement  of  fluid-filled  ventricles  following  cell  loss  (Fig- 
ure 18.12).  Among  the  brain  areas  showing  reduced  volume 
are  the  basal  ganglia,  temporal  lobe,  and  several  limbic 
regions,  such  as  the  hippocampus.  The  temporal  lobe  and 
hippocampal  changes  in  people  with  chronic  schizophrenia 
compared  with  controls  are  some  of  the  most  consistent 
magnetic  resonance  imaging  findings  (DeLisi  et  al.,  1991). 
Structural  differences  in  these  areas  also  occur  between 
monozygotic  twins  when  only  one  has  the  disorder.  Numer- 
ous studies  show  that  hippocampal  cells  of  patients  with 
schizophrenia  are  more  disorganized  (Figure  18.13A)  than 
those  of  healthy  subjects  (Figure  18.13B)  and  that  selected 
cortical  layers  in  the  brains  of  patients  with  schizophrenia  are 
atrophied.  Involvement  of  the  hippocampus  and  dopamine- 
rich  basal  ganglia  may  be  related  to  the  memory  impairment 
and  poor  cognitive  function  found  in  most  individuals  with 
schizophrenia. 

Investigators  are  always  concerned  that  some  brain 
changes  may  be  due  to  progressive  deterioration  during  the 
course  of  illness  rather  than  cause  the  illness  or  may  be  due 
to  the  effects  of  antipsychotic  medication  used  chronically 
over  many  years.  However,  most  brain  changes,  such  as 
enlarged  ventricles,  are  not  correlated  with  either  the  dura- 
tion of  time  since  the  onset  of  symptoms  or  the  duration  of 
time  since  the  first  hospitalization.  In  contrast,  a significant 
correlation  does  exist  between  ventricle  size  and  age  of  the 
individual  when  symptoms  were  first  diagnosed.  Based  on 
these  results,  researchers  conclude  that  ventricular  enlarge- 
ment is  not  due  to  a progressive  loss  of  brain  cells,  but  may 
represent  abnormalities  of  brain  growth  and  development 
preceding  the  onset  of  symptoms.  Additional  evidence  for 
this  idea  is  the  discovery  that  the  more  subtle  abnormalities 
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Figure  18.13  Disorganization  of  cells 
in  the  hippocampus  Histological  cross 
sections  of  hippocampus  showing  the  dis- 
organized cells  in  the  brain  of  a patient 
with  schizophrenia  (A)  compared  to  the 
brain  of  a normal  control  (B).  Correspond- 
ing schematic  diagrams  showing  the  hap- 
hazard arrangement  of  pyramidal  cells  in 
the  hippocampus  of  the  patient  with  schiz- 
ophrenia and  the  normal  parallel  organiza- 
tion in  normal  controls.  (From  Kovelman 
and  Scheibel,  1984.) 


(A)  Patient  with  schizophrenia 


(B)  Normal  control 
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in  cell  structure  are  rarely  accompanied 
by  gliosis  (multiplication  of  astrocytes 
and  microglia).  Since  gliosis  is  a response 
to  neuronal  damage  that  occurs  in  the 
mature  brain,  but  not  in  the  immature 
brain,  it  is  likely  that  the  cell  abnormali- 
ties occurred  during  the  developmental 
process  (Weinberger,  1995). 

Functional  abnormalities  In  addition 
to  structural  abnormalities  in  the  brains 
of  individuals  with  schizophrenia,  region- 
al brain  function  in  these  individuals  also 
differs  from  that  in  controls.  Measures  of 
brain  function  include  rate  of  cell  metab- 
olism, blood  flow,  electrical  activity,  and 
chemical  changes.  The  most  consistent 
difference  is  reduced  function  of  the  prefrontal  cortex,  called 
hypofrontality  (Buchsbaum,  1990).  PET  and  single-photon 
emission  computerized  tomography  (SPECT)  studies  show 
less  increase  in  cerebral  blood  flow  in  the  frontal  cortex  of 
patients  with  schizophrenia  than  normal  subjects  while  they 
perform  cognitive  tasks  requiring  planning  and  strategy,  such 
as  the  Wisconsin  Card  Sorting  Test  (Figure  18.14A).  Reduced 
blood  flow  is  associated  with  less  glucose  use,  which  in  turn 
is  a good  indicator  of  how  active  the  brain  cells  are.  Figure 
18.14B  shows  that  the  frontal  cortex  is  less  active  in  patients 
with  schizophrenia  compared  to  their  nonschizophrenic 
twins  both  at  rest  and  during  the  Wisconsin  Card  Sorting 
Test.  Hypofrontality  in  schizophrenia  is  especially  interesting 
because  the  negative  symptoms  of  schizophrenia  resemble 
the  deficits  seen  following  surgical  disconnection  of  the 
frontal  lobes  (prefrontal  lobotomy).  Included  in  these  deficits 
are  poor  social  functioning,  loss  of  motivation,  defective 
attention,  emotional  blunting,  and  inability  to  shift  strategies 
during  problem  solving  (Gur,  1995). 

Psychophysiological  irregularities  Several  potential 
markers  for  schizophrenia  have  been  evaluated  and  may  be 
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useful  in  diagnosis.  A majority  of  patients  with  schizophre- 
nia demonstrate  eye-movement  dysfunctions  such  as  the 
inability  to  visually  track  an  object.  With  their  heads  held 
still,  they  are  unable  to  follow  a moving  pendulum  with 
their  eyes.  This  deficit  is  not  related  to  drug  treatment  or 
institutionalization  (Lieberman  et  al.,  1993).  Since  failure  to 
track  is  also  found  in  many  of  the  relatives  of  patients  with 
schizophrenia,  genetic  research  suggests  that  the  defective 
eye-tracking  gene  may  be  inherited  along  with  the  genes  for 
schizophrenia. 

A second  neurophysiological  abnormality  involves  brain 
electrical  activity  measured  by  electroencephalography 
(EEG).  The  EEG  records  neural  activity  associated  with  the 
perception  of  an  event  and  related  cognitive  processes.  Nor- 
mal individuals  show  localized  stimulus-induced  electrical 
activity  in  a specific  area  of  the  brain  depending  on  the 
nature  of  the  stimulus.  In  contrast,  individuals  with  schizo- 
phrenia respond  to  specific  stimuli  with  widespread  electrical 
activity  in  the  brain.  The  differences  in  eye  movement  and 
EEG  patterns  suggest  a defect  in  stimulus  perception  and 
psychological  processing  of  the  information  (Baribeau  and 
Laurent,  1991). 
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Figure  18.14  Hypofrontality  in  schizophrenia  (A)  The  Wis- 
consin Card  Sorting  Test  is  used  to  evaluate  the  ability  of  a sub- 
ject to  shift  response  strategies  based  on  feedback  from  the 
tester.The  subject  is  presented  with  stimulus  cards  having  sim- 
ple designs  that  differ  in  color,  shape,  and  number  of  elements. 
The  subject  is  asked  to  sort  the  remaining  cards  into  piles.  With 
each  attempt,  the  subject  is  told  whether  the  choice  is  correct 
or  incorrect.  Over  the  test  period,  the  sorting  principle  may  first 
be  color  and  then  shift  to  form  or  number.  Patients  with  schizo- 
phrenia and  those  with  frontal  lobe  lesions  fail  to  shift  strate- 
gies and  may  continue  to  sort  based  on  the  original  stimulus 
(e.g.,  color)  despite  being  told  that  color  sorting  is  no  longer 
correct.  (B)  PET  scans  comparing  frontal  lobe  activity  of  a 
patient  with  schizophrenia  and  nonschizophrenic  twin. The  sib- 
ling with  schizophrenia  has  less  frontal  lobe  activity  at  rest  (top) 
as  well  as  during  a frontal  lobe  challenge  with  the  Wisconsin 
Card  Sorting  Test  (bottom).  (B  courtesy  of  Karen  Berman.) 


Genetic,  environmental,  and  developmental 
factors  interact 

Although  schizophrenia  is  an  ancient  disorder  described  as 
early  as  1000  B.c.,  its  causes  remain  unknown.  Schizophrenia 
is  increasingly  regarded  as  a neurodevelopmental  disorder 
with  a strong  genetic  component;  however,  psychological, 
biological,  and  sociological  factors  combine  in  a unique 
manner  to  contribute  to  the  psychopathology,  its  course,  and 
its  outcome. 


During  card-sorting  task 


Heredity  The  importance  of  heredity  has  been  demon- 
strated by  numerous  family,  twin,  and  adoption  studies  con- 
ducted by  investigators  who  have  taken  advantage  of  the 
excellent  record-keeping  system  of  Denmark  to  show  that 
relatives  of  individuals  with  schizophrenia  are  afflicted  with 
the  disorder  much  more  frequently  than  members  of  the 
general  population.  In  fact,  the  closer  the  genetic  relation- 
ship, the  greater  the  probability  of  schizophrenia  in  the  rela- 
tive. Gottesman  (1991)  summarized  a large  number  of  fam- 
ily and  twin  studies  of  individuals  with  schizophrenia 
completed  between  1920  and  1987  (Figure  18.15).  These  data 
demonstrate  that  the  risk  of  having  schizophrenia  varies 
according  to  how  many  genes  one  shares  with  someone  who 
has  the  disorder.  Compared  with  the  lifetime  risk  in  the  gen- 
eral population  of  about  1%,  first-degree  relatives  such  as 
parents,  children,  and  siblings  have  an  average  lifetime  risk 
12  times  greater  (ranging  from  6 to  17%),  while  more  dis- 
tant (second-degree)  relatives,  including  uncles  and  aunts, 
nephews  and  nieces,  grandchildren,  and  half  siblings,  have 
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2°  Relatives  1°  Relatives 


Figure  18.15  Lifetime  risks  of 
developing  schizophrenia  among 
relatives  of  an  affected  individual. 
Data  are  summarized  from  about  40 
family  and  twin  studies  conducted 
between  1920  and  1987.  Compared 
to  a 1%  risk  of  developing  schizo- 
phrenia in  the  general  population, 
second-degree  relatives  have  an 
average  risk  of  4%,  first-degree  rela- 
tives have  a 6 to  1 7%  risk,  and 
monozygotic  twins  have  a 48%  risk. 
(After  Gottesman,  1 991 .) 


an  average  risk  of  4%  (ranging  from  2 to  6%).  Dizygotic 
twins,  who  have  the  genetic  similarity  of  siblings  but  who 
share  the  prenatal  environment,  show  a concordance  of  17%, 
which  means  that  if  one  twin  of  the  pair  develops  schizo- 
phrenia, the  probability  of  the  second  twin  developing  the 
disorder  is  17%.  In  comparison,  monozygotic  (identical) 
twins,  who  have  identical  genes,  have  a concordance  of  48%. 
This  concordance  exists  even  when  the  twins  are  reared  apart 
in  different  environments.  While  the  concordance  is  striking, 
it  is  important  to  point  out  that  other  factors  must  be 
involved  in  the  occurrence  of  the  disorder,  because  if  genetic 
abnormalities  were  totally  responsible,  concordance  for  iden- 
tical twins  would  be  100%. 

Current  molecular  genetic  research  is  trying  to  identify  the 
specific  genes  that  predict  vulnerability  to  schizophrenia 
(Tsuang,  2000).  The  task  is  difficult  because  multiple  genes 
located  at  different  loci  (sites  on  our  chromosomes)  are 
involved.  Multiple  gene  abnormalities  would  explain  why  the 
risk  of  having  schizophrenia  increases  with  the  number  of 
affected  relatives  in  the  family.  It  also  might  explain  why  the 
symptom  clusters  vary  in  intensity  from  individual  to  indi- 
vidual. 

Despite  the  difficulties,  loci  on  a dozen  chromosomes 
have  been  identified  as  likely  sites  for  “schizophrenia  genes,” 
with  the  most  promising  being  on  chromosomes  13,  8,  22, 
and  6.  Some  have  been  identified  by  linkage  studies,  which 
look  for  similarities  at  the  loci  in  families  with  affected 


members.  A second  approach  considers  candidate  genes, 
genes  that  on  prior  physiological  or  theoretical  grounds  are 
suspected  to  be  involved  in  disease  development,  progres- 
sion, or  clinical  manifestation.  In  the  case  of  schizophrenia, 
identification  of  candidate  genes  falls  into  three  possible 
areas.  First,  genetic  correlates  of  neurophysiological  char- 
acteristics typical  of  the  schizophrenic  individual  are  evalu- 
ated, such  as  the  defective  filtering  of  auditory  stimuli,  eye- 
tracking dysfunction,  ventricular  enlargement,  and  so  forth. 
Second,  neurochemical  models  or  studies  of  pharmacolog- 
ical response  may  provide  an  additional  focus  in  the  search 
for  candidate  genes.  A productive  line  of  research  evaluates 
differences  in  alleles  associated  with  neurotransmitters  and 
receptors,  including  dopamine,  glutamate,  and  GABA,  and 
with  second-messenger  systems,  including  G proteins, 
adenylyl  cyclase,  and  protein  kinases.  Third,  because  schiz- 
ophrenia is  considered  a neurodevelopmental  disorder, 
gene  mutations  that  affect  proteins  needed  for  key  events 
during  brain  development,  such  as  growth  factors,  are  sig- 
nificant. Early  gene-induced  errors  could  produce  the 
major  permanent  modifications  of  brain  structure  seen  in 
schizophrenia. 

New  developments  in  technology  like  DNA  microarray 
provide  the  means  for  rapid  screening  of  large  amounts  of 
genomic  data.  The  method,  described  in  Chapter  4,  can 
identify  complex  gene  expression  patterns.  For  example, 
Mimics  et  al.  (2000)  reported  multiple  defects  in  the  gene 
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groups  related  to  presynaptic  function  in  the  prefrontal  cor- 
tex of  individuals  with  schizophrenia  compared  to  normal 
controls.  In  particular,  they  found  the  greatest  and  most  con- 
sistent defects  in  proteins  needed  for  normal  maintenance  of 
synaptic  vesicles  and  in  those  needed  for  the  release  process. 
However,  other  differences  in  gene  expression  involve  gluta- 
mate and  GABA  transmission,  energy  metabolism,  and 
growth  factors.  Although  the  use  of  microarray  technology 
to  study  the  complexity  of  the  nervous  system  is  relatively 
new  and  requires  verification  by  other  techniques,  this 
method,  along  with  other  genomic  approaches,  will  provide 
future  advances  in  clarifying  complex  neurological  diseases. 

Developmental  errors  Many  investigators  now  believe 
that  genetic  vulnerability  increases  the  probability  that  errors 
during  perinatal  (including  prenatal  and  postnatal)  brain 
development  will  contribute  to  the  occurrence  of  schizophre- 
nia (Lewis  and  Levitt,  2002).  The  abnormal  pattern  of  cortical 
connections  and  other  brain  structure  irregularities  that  exist 
in  the  brains  of  individuals  with  schizophrenia  are  likely  to  be 
due  to  disruptions  in  the  normal  processes  of  cell  multiplica- 
tion and  cell  loss  that  continue  into  adolescence.  Keshavan  et 
al.  (1994)  found  significant  abnormalities  in  the  elimination 
of  cells  (pruning)  that  normally  occurs  during  puberty.  Exces- 
sive pruning  in  the  prefrontal  cortex  (associated  with  nega- 
tive symptoms)  and  failure  of  pruning  in  certain  subcortical 
structures  (associated  with  positive  symptoms)  occur  more 
often  in  the  brains  of  individuals  with  schizophrenia  than  in 
healthy  individuals.  Alterations  in  these  normal  processes 
could  be  caused  by  genetic  programming  errors,  early  brain 
insults,  and  environmental  factors.  The  nature  and  extent  of 
interaction  of  these  factors  remains  unclear. 

Evidence  from  several  sources  shows  a higher  occurrence 
of  perinatal  complications  among  individuals  with  schizo- 
phrenia than  in  the  general  population.  Brain  insult  during 
pregnancy  and  delivery  caused  by  oxygen  deprivation,  drug 
use,  infections,  endocrine  disorders,  or  other  factors  occurs 
with  higher  frequency  in  individuals  with  schizophrenia. 
Exposure  to  viral  infection  (e.g.,  pneumonia,  influenza, 
measles,  or  polio)  during  the  second  trimester  of  pregnancy 
significantly  increases  the  risk  of  schizophrenia  in  the  child 
(Tsuang,  2000).  Severe  malnutrition,  as  demonstrated  in 
Holland  during  World  War  II,  also  represents  an  assault  on 
the  fetus  that  increases  the  probability  of  schizophrenia. 
While  none  of  these  stresses  alone  may  explain  the  occur- 
rence of  the  illness,  in  the  individual  who  is  genetically  at 
risk,  the  assault  may  increase  its  probability. 

Biopsychosocial  interaction  It  is  easy  to  imagine  an 
interactive  basis  for  schizophrenia  that  depends  on  genetic 
predisposition,  structural  brain-wiring  errors,  and  subse- 
quent biochemical  abnormalities,  plus  environmental  or 


social  factors  that  challenge  the  susceptible  individual 
beyond  his  ability  to  deal  with  the  stress.  One  model  of  the 
interactive  nature  of  the  disorder  is  the  modified  version  of 
the  vulnerability-stress  model  originally  developed  by 
Nuechterlein  and  Liberman,  shown  in  Figure  18.16. 

The  personal  factors  that  identify  an  individual  at  risk  for 
schizophrenia  include  genetic  vulnerability,  which  may  be 
expressed  in  terms  of  errors  in  perinatal  brain  development, 
altered  brain  chemistry,  and  difficulties  in  attention  and 
information  processing.  Some  of  these  personal  risk  factors 
may  actually  be  neuropsychiatric  markers  that  are  part  of  a 
prodromal  pattern,  that  is,  signs  that  appear  before  clear 
diagnostic  symptoms  occur.  Environmental  factors  also  con- 
tribute to  the  exacerbation  or  recurrence  of  schizophrenic 
symptoms.  These  include  stressful  life  events — for  example, 
exposure  to  toxins  or  stressors  in  utero  or  later  in  develop- 
ment, such  as  a series  of  adversities  that  are  beyond  the  indi- 
viduals  control.  The  family  climate  may  also  contribute  to 
stress  when  it  is  dysfunctional,  critical,  and  emotionally  tur- 
bulent and  when  communication  patterns  are  distorted. 
Excessive  social  stimulation  or  pressure  to  perform  may  also 
represent  environmental  stressors  that  precipitate  illness. 

Other  factors,  both  personal  and  environmental,  reduce 
ones  probability  of  developing  schizophrenia.  The  protec- 
tors include  the  ability  of  the  individual  to  use  coping  tech- 
niques that  provide  her  with  a feeling  of  competence  in  deal- 
ing with  her  problems,  as  well  as  the  use  of  antipsychotic 
medication  once  she  has  been  diagnosed  with  schizophrenia. 
Environmental  protectors  include  learning  effective  prob- 
lem-solving strategies  to  deal  with  stresses  within  the  family 
and  community,  and  psychosocial  therapies  that  help  family 
members  to  modify  the  stress-producing,  negative  emotion- 
al climate.  The  stressors  and  protectors  change  and  interact 
throughout  the  individual’s  life,  contributing  to  the  nature 
and  onset  of  symptoms  as  well  as  the  recurrence  of  episodes 
over  the  life  span.  For  a vivid  example  of  the  complex  inter- 
action of  genetics  and  environment  in  the  disorder,  refer  to 
Box  18.3,  that  describes  a set  of  quadruplets  who  share  the 
same  genes  and  who  all  developed  schizophrenia,  which, 
however,  varied  in  its  onset  and  symptoms. 

The  benefit  of  such  a model  is  thaTbeing  able  to  identify 
the  high-risk  individual  means  that  intervention  strategies 
can  be  applied  before  the  onset  of  the  symptoms.  In  addition 
to  heredity,  several  behavioral  characteristics  of  early  infancy 
may  signal  potential  problems,  particularly  if  the  infant  has 
other  risk  factors.  The  infant  behaviors  identified  were  pas- 
sivity and  apathy,  less  responsiveness  to  verbal  commands, 
more  difficult  temperament,  and  poor  sensorimotor  per- 
formance. In  later  childhood,  deficits  on  attentional  and 
information-processing  tasks,  along  with  impairments  in 
fine  motor  coordination,  were  the  best  predictors  of  psychi- 
atric disorders  in  adolescence. 


Schizophrenia  463 


Personal  vulnerability  factors 


Feedback  loop 


Figure  18.16  A modified  representation  of  the  vulnera- 
bility-stress model  originally  developed  by  Nuechterlein  and 
Liberman. The  blue  boxes  represent  factors  that  contribute  to 
the  original  onset  or  the  reappearance  of  schizophrenic  symp- 
toms.The  yellow  boxes  represent  factors  that  reduce  the  proba- 
bility of  the  occurrence  of  symptoms.  An  interaction  among  all 
the  factors  determines  whether  an  individual  will  develop  the 


early  signs  (prodromal  symptoms)  of  illness.These  symptoms 
further  alter  social  functioning  and  occupational  functioning, 
which  contributes  to  the  occurrence  of  schizophrenic  symp- 
toms. Note  that  each  of  the  final  outcome  boxes  on  the  right 
provide  feedback  to  and  interact  with  each  of  the  vulnerability 
factors  and  protectors.  (After  Goldstein,  1 987.) 


Neurochemical  Models  of  Schizophrenia 

To  identify  the  neurochemical  basis  for  any  mental  disorder, 
three  general  approaches  can  be  taken.  First,  neurochemical 
correlates  of  animal  and  human  models  of  the  disorder  can 
be  studied.  Second,  the  neuronal  mechanisms  of  effective 
drug  treatment  are  considered,  keeping  in  mind  that  it  is 
dangerous  to  assume  that  because  the  neurochemical  effects 
of  a drug  reverse  the  symptoms,  the  drug  is  acting  at  the  spe- 
cific site  of  the  disorder.  Third,  the  functioning  of  neuro- 
transmitter systems  in  patient  populations  is  assessed  by 
measuring  biological  amines  in  blood,  CSF,  urine,  or  in  post- 
mortem brain  tissue.  Brain  imaging  techniques  provide  the 
newest  way  of  evaluating  CNS  function  in  patient  popula- 
tions. Based  on  these  three  approaches,  evidence  strongly 
suggests  that  although  several  neurotransmitters  probably 


play  a role  in  schizophrenic  symptoms,  malfunction  of 
dopaminergic  transmission  is  almost  certainly  involved. 

Abnormal  dopamine  function  contributes  to 
schizophrenic  symptoms 

The  finding  that  amphetamine  can  produce  a psychotic  reac- 
tion in  healthy  individuals  that  can  be  reversed  by  DA  antag- 
onists initially  suggested  the  dopamine  hypothesis  of  schiz- 
ophrenia. Also,  patients  with  schizophrenia  who  have  been 
given  amphetamine  and  cocaine  say  that  the  drugs  make 
their  symptoms  worse  but  do  not  produce  different  symp- 
toms. In  addition,  stereotyped  behavior  in  rats  can  be  elicit- 
ed by  intracerebral  injection  of  amphetamine  into  forebrain 
DA  areas  and  can  be  blocked  by  administration  of  DA  recep- 
tor blockers,  such  as  haloperidol. 
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SOX  1 8.3 


Clinical  Applications 


The  Genain  Quadruplets 


A startling  case  history  documented 
and  compiled  over  a number  of  years 
by  David  Rosenthal  and  colleagues  at 
the  National  Institute  of  Mental 
Health  (Rosenthal,  1 963)  has  provided 
fascinating  insights  into  the  interac- 
tion of  genetics  and  environment.The 
study  involved  a set  of  identical 
female  quadruplets  all  of  whom  have 
schizophrenia. They  were  nicknamed 
the  Genain  quadruplets  to  protect 
their  identity;  genain  is  Greek  for 
"dreadful  gene."  The  in-depth  case 
study  was  warranted  because  the 
probability  of  the  birth  of  quadruplets 
developing  a relatively  rare  disorder  is 
quite  low.This  "experiment  of  nature" 
provided  a rare  and  valuable  data- 
base.The  data  collected  came  from 
years  of  interviews  with  all  family 
members  by  case  workers;  interviews 
with  members  of  the  community  who 
knew  the  family  personally;  records 
from  schools,  physicians,  clinics,  and 
hospitals;  newspaper  accounts  of  the 
family;  an  elaborate  family  scrapbook 
begun  by  the  siblings'  mother  at  the 


nia. 


raised  in  the  same 


The  Genain  quadruplets  at  five  years  old 


time  of  birth;  and  a variety  of  psycho- 
logical test  results.  A synthesis  of  this 
work  can  be  found  in  a text  edited  by 
David  Rosenthal  and 
colleagues,  The 
Genain  Quadruplets: 

A Case  Study  and  The- 
oretical Analysis  of 
Heredity  and  Environ- 
ment in  Schizophre- 


family as  experiencing  similar  good 
and  bad  parenting,  both  prenatal  and 
family  experiences  can  and  do  differ 


The  monozygotic 
(coming  from  a sin- 
gle fertilized  egg) 
quadruplets  shared 
the  same  genetic 
predisposition  to 
schizophrenia  and 
they  were  raised  in 
the  same  dysfunc- 
tional family. Yet  it  is 
clear  that  they  exhib- 
ited the  disorder  in 
different  ways. 
Although  we  tend  to 
think  of  children 


The  correlation  between  D2  receptor  blockade  and  effec- 
tiveness in  reducing  schizophrenic  symptoms  has  already 
been  discussed.  The  time-dependent  development  of  depo- 
larization blockade  following  chronic  neuroleptic  treatment 
also  argues  for  the  importance  of  dopaminergic  function  in 
the  disorder.  Finally,  the  finding  that  antipsychotic  treatment 
induces  changes  in  DA  turnover,  as  determined  by  plasma 
HVA  levels,  further  supports  the  DA  hypothesis  of  schizo- 
phrenia, which  suggests  that  excess  DA  function  is  related  to 
the  manifestation  of  the  positive  symptoms. 

Of  the  approaches  used  to  understand  the  neurochemistry 
of  schizophrenia,  the  evaluation  of  dopamine  functioning  in 
patient  populations  has  been  the  least  consistent.  To  substan- 
tiate the  DA  hypothesis,  we  would  expect  to  see  an  increase 
in  DA  activity  either  through  increased  turnover  (synthesis, 
release,  metabolism)  or  by  altered  receptor  number.  Although 


the  change  in  the  dopamine  metabolite  HVA  in  response  to 
antipsychotic  treatment  (i.e.,  an  initial  increase  followed  by  a 
significant  decrease  over  several  weeks)  predicts  treatment 
outcome,  under  baseline  (nondrug)  conditions  neither  plas- 
ma nor  CSF  HVA  levels  are  consistently  different  in  patients 
with  schizophrenia  compared  to  control  subjects.  Nor  are 
HVA  levels  correlated  with  symptom  type  or  severity  (Fried- 
hoff  and  Silva,  1995).  These  data  might  be  interpreted  to 
mean  that  DA  functioning  is  not  increased  in  the  brains  of 
individuals  with  schizophrenia. 

However,  Laruelle  and  colleagues  (1999)  found  that  in 
patients  with  schizophrenia,  a challenge  dose  of  amphetamine 
elicited  a significantly  greater  release  of  DA  than  in  control 
subjects.This  effect  was  found  at  the  onset  of  illness  and  in 
patients  who  had  never  taken  neuroleptic  drugs.  Hence  the 
hyperdopaminergic  state  is  not  due  to  prolonged  illness,  hos- 
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BOX  1 8.3  (continued) 

between  siblings.  Apparently,  even 
identical  quadruplets  can  experience 
very  different  social  and  emotional 
environments  within  the  same  house- 
hold. For  instance,  an  individual  child's 
behaviors  evoke  reactions  from  those 
around  her,  which  in  turn  influence 
the  child's  responses.  Hester,  the  least- 
favorite  daughter,  cried  more  than  the 
others  after  coming  home  from  the 
hospital,  contributing  to  stress  and 
anxiety  in  the  family.  Her  "bad"  image 
persisted  through  childhood,  and  she 
was  described  by  her  parents  as  a 
habitual  masturbator  at  age  3 (which 
was  more  likely  a problem  for  the  par- 
ents than  for  the  child).  Her  response 
to  the  correction  and  criticism  was  to 
display  temper  tantrums  and  damage 
property.  She  continued  to  have  social 
problems  as  she  grew  up,  and  at  the 
time  of  her  hospitalization  at  age  24, 
she  was  living  in  a world  dominated 
by  fear,  anxiety,  and  anger. 

Not  only  did  the  four  sisters  display 
different  symptoms  over  the  years, 
but  their  ages  at  the  first  hospitaliza- 
tion varied  (ages  22, 23, 24,  and  the 
last  more  than  1 0 years  later). The 
actual  age  of  onset  of  schizophrenia  is 
more  difficult  to  determine,  since  psy- 
chopathological  behaviors  frequently 


show  gradual  appearance.  An  exam- 
ple taken  from  Rosenthal  describes 
Nora,  who  had  a background  of  "nerv- 
ousness." At  age  1 9,  Nora  developed 
phobias  and  compulsions  about  tele- 
phones and  getting  tuberculosis.  At 
age  20,  she  developed  crying  spells, 
nausea,  increased  tiredness,  and  bodi- 
ly concerns  and  symptoms.  She  regu- 
larly "visualized"  her  father  in  a casket. 
At  age  21,  she  could  no  longer  cope 
with  the  stresses  of  work  and  quit  her 
job.  During  this  time  she  walked  and 
talked  in  her  sleep,  was  dysphoric,  and 
would  stand  on  her  elbows  and  knees 
until  her  elbows  bled.  However,  a 
coworker  to  whom  she  wrote  said 
that  her  letters  were  perfectly  ration- 
al. Soon  after  she  had  suicidal  urges 
and  thought  she  was  mentally  ill.  At 
age  22,  she  felt  people  were  talking 
about  her  and  walking  on  her  and 
that  she  was  losing  her  eyesight.  She 
experienced  panic,  had  severe  "head 
pains," and  stayed  in  bed  day  and 
night.  At  this  point  she  was  hospital- 
ized for  the  first  time.  From  this  exam- 
ple you  can  see  that  distinguishing 
between  prodromal  pattern  (symp- 
toms occurring  before  diagnosis)  and 
time  of  onset  of  schizophrenia  is  not  a 
simple  task. 


The  quadruplets  differed  not  only 
in  the  variety  of  symptoms  they  dis- 
played and  age  of  first  hospitalization 
but  also  in  the  ultimate  outcome  of 
their  disease.The  four  of  them  repre- 
sent the  full  range  of  possible  out- 
comes. After  the  initial  episode,  Myra 
was  never  hospitalized  again,  and  at 
the  time  of  writing  she  seemed  con- 
tentedly married.  Nora  was  hospital- 
ized repeatedly  but  had  a marginal 
adjustment  while  outside  the  hospi- 
tal. Iris  experienced  more-chronic  hos- 
pitalization, and  her  clinical  condition 
fluctuated  from  periods  of  severe 
catatonic  withdrawal  and 
hebephrenic  symptoms  to  times  of 
marginal  adjustment  when  she  was 
able  to  leave  the  hospital.  Hester  fur- 
ther deteriorated  and  remained  hos- 
pitalized. 

These  four  individuals  with  identi- 
cal genes  shared  a vulnerability  to 
schizophrenia  but  differed  significant- 
ly in  their  expression  of  symptoms 
and  the  course  and  outcome  of  the 
disorder.The  interpretation  of  the 
data  leads  to  the  conclusion  that  both 
pre-  and  postnatal  environmental 
stressors  clearly  interact  with  genetics 
to  determine  the  ultimate  outcome. 


pitalization,  or  chronic  drug  treatment.  Further,  a correlation 
was  found  between  the  exaggerated  DA  response  and  the 
worsening  of  the  positive  symptoms.  Other  evidence  for  DA 
involvement  comes  from  several  studies  that  found  increased 
D2  receptors  in  the  basal  ganglia,  nucleus  accumbens,  and 
substantia  nigra  of  postmortem  schizophrenic  brains.  PET 
scan  quantification  of  DA  receptors  also  suggests  increased 
D2  receptors  in  drug-free  patients  with  schizophrenia,  partic- 
ularly in  patients  with  positive  symptoms  as  well  as  those  who 
are  more  acutely  ill  (Kahn  and  Davis,  1995). 

Much  of  the  evidence  has  been  synthesized  into  a DA 
imbalance  hypothesis  described  by  Davis  and  colleagues 
(Davis  et  al.,  1991).  They  suggest  that  schizophrenic  symp- 
toms are  due  to  reduced  DA  function  in  mesocortical  neu- 
rons along  with  excess  DA  function  in  mesolimbic  dopamin- 
ergic neurons.  The  negative  symptoms  and  impaired 


thinking  may  be  explained  by  impaired  prefrontal  cortex 
function  (low  mesocortical  activity).  In  contrast,  positive 
symptoms  seem  to  respond  to  reducing  DA  function  in 
mesolimbic  neurons. 

The  neurodevelopmental  model  integrates 
anatomical  and  neurochemical  evidence 

Weinberger  (1995)  has  developed  a neurodevelopmental 
model  that  combines  evidence  of  altered  dopaminergic  func- 
tion with  the  loss  of  specific  nerve  cells  (as  described  earlier 
in  the  section  on  etiology)  and  symptom  clusters.  For 
instance,  several  pieces  of  evidence  associate  negative  symp  - 
toms  (flat  affect,  social  withdrawal,  lack  of  motivation,  p 
insight,  and  intellectual  impairment)  with  reduced  fro  r : a 
lobe  function.  First,  the  negative  symptoms  of  schizoph r e 
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resemble  the  characteristics  of  patients  with  lesions  of  the 
frontal  lobe  (e.g.,  following  frontal  lobotomy).  Also,  the 
severity  of  the  negative  symptoms  is  correlated  with  reduced 
prefrontal  cell  metabolism  when  evaluated  by  PET  scan.  In 
addition,  neuropsychological  testing  in  humans  shows  a rela- 
tionship between  poor  test  performance  on  tasks  requiring 
frontal  lobe  function,  reduced  cerebral  blood  flow  in  the  pre- 
frontal cortex  during  mentally  challenging  tasks,  and 
decreased  DA  function  as  determined  by  lowered  CSF  HVA. 
Further,  in  animal  experiments,  prefrontal  lesions  produce 
deficits  in  behaviors  that  require  insight  and  strategy.  Animal 
studies  also  implicate  mesocortical  cells  in  normal  response 
to  stress.  Mesocortical  cells  respond  with  increased  DA 
turnover  not  only  to  acute  stress  but  also  to  learned  stress,  for 
instance,  when  an  animal  is  returned  to  a previously  stressful 
environment.  In  sum,  these  results  suggest  that  the  onset  of 
negative  symptoms  of  schizophrenia  is  due  to  the  occurrence 
of  early  mesocortical  damage  (Figure  18.17).  However, 
although  the  cell  loss  occurs  relatively  early  in  life,  the  abnor- 
mal behavior  may  not  appear  until  the  system  would  nor- 
mally reach  functional  maturity  (i.e.,  after  puberty,  when 
development  and  myelination  are  complete).  Thus  complex 
cognitive  functions,  including  insightful  behavior  and  the 
ability  to  respond  to  the  social  stresses  commonly  occurring 
at  adolescence,  would  be  expected  to  be  compromised. 

The  second  part  of  the  model  attempts  to  explain  positive 
symptoms  of  schizophrenia  with  evidence  of  hyperactive  sub- 


cortical cells.  In  animal  studies,  lesioning  of  prefrontal 
dopaminergic  neurons  produces  chronic  subcortical  DA 
hyperactivity,  manifested  by  increased  DA  turnover  (Kahn 
and  Davis,  1995).  In  addition,  when  DA  agonists  such  as  apo- 
morphine  are  injected  into  the  prefrontal  cortex,  DA  metabo- 
lites are  reduced  in  the  striatum.  Thus  when  the  inhibitory 
cortical  feedback  is  lost,  mesolimbic  cells  increase  their  activ- 
ity. Furthermore,  studies  of  epileptic  patients  suggest  that  psy- 
chotic experiences,  hallucinations,  perceptual  distortions,  and 
irrational  fears  are  associated  with  electrical  discharge  in  lim- 
bic regions.  Thus  Weinberger  (1995)  suggests  that  excessive 
mesolimbic  DA  activity  following  mesocortical  cell  loss  could 
explain  the  more  dramatic  positive  symptoms  of  schizophre- 
nia. Those  are  the  same  symptoms  that  are  most  readily 
reversed  by  neuroleptic-induced  DA  receptor  blockade. 

The  neurodevelopmental  model  (see  Figure  18.17)  makes 
no  attempt  to  identify  the  cause  of  the  proposed  early  meso- 
cortical cell  loss.  The  defect  could  be  due  to  one  of  many  fac- 
tors, including  genetically  programmed  errors,  inadequate 
maternal  nutrition,  obstetrical  complications,  viral  infection, 
and  other  possibilities  discussed  earlier  in  the  chapter.  Wein- 
berger argues  that  such  a lesion  produces  few  symptoms 
early  in  life,  but  reveals  itself  later  at  a time  when  social 
stresses  demand  maximum  prefrontal  cognitive  function. 
Loss  of  the  DA  input  prevents  the  individual  from  making 
appropriate  responses  and  instead  leads  to  confused  think- 
ing, perseveration  of  inappropriate  behavior,  and  social  with- 
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Figure  1 8.1 7 Schematic  representa- 
tion of  the  neurodevelopmental  model 
of  schizophrenia  (A)  The  normal  state,  in 
which  the  mesocortical  pathway  and  pre- 
frontal areas  provideinhibitory  feedback 
onto  limbic  areas  and  the  mesolimbic  neu- 
rons originating  in  the  ventral  tegmental 
area.  (B)  An  early  abnormality  in  schizophre- 
nia reduces  mesocortical  function,  causing 
hypofrontality  and  negative  symptoms,  and 
subsequently  removes  inhibitory  feedback 
control  of  limbic  structures,  producing  the 
positive  symptoms  associated  with  excess 
subcortical  (mesolimbic)  DA  activity.  (After 
Weinberger,  1987.) 
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drawal.  The  loss  of  inhibitory  cortical  feedback  onto  subcor- 
tical neurons  plus  the  stress-induced  increase  in  mesolimbic 
cell  function  lead  to  agitation,  fearfulness,  and  hallucina- 
tions. The  appeal  of  this  model  of  schizophrenia  is  in  its  abil- 
ity to  incorporate  many  distinct  pieces  of  the  puzzle  (neuro- 
chemical, anatomical,  developmental,  and  social  stress).  It 
also  provides  several  testable  hypotheses  on  which  to  design 
future  research. 

Glutamate  and  other  neurotransmitters 
contribute  to  symptoms 

Since  many  of  the  cortical  cells  that  project  to  subcortical  cen- 
ters use  glutamate  as  a neurotransmitter,  the  loss  of  prefrontal 
cells  may  be  reflected  in  low  glutamate  function  in  patients 
with  schizophrenia.  Grace  (1992)  proposes  a glutamate- 
dopamine  model  that  emphasizes  the  importance  of  presy- 
naptic  modulation  of  dopaminergic  cells  by  glutamate. 
Although  the  neurochemical  interaction  is  too  complex  to 
include  in  this  chapter,  the  conclusion  is  that  cortical  gluta- 
mate activity  should  normally  indirectly  reduce  DA  cell  fir- 
ing, producing  less  DA  release.  Therefore,  loss  of  glutamate 
input  to  subcortical  DA  centers  would  lead  to  excess  DA  activ- 
ity and  the  positive  symptoms  of  schizophrenia,  which  could 
be  modulated  by  DA  receptor-blocking  antipsychotic  drugs. 
Some  direct  evidence  for  low  CSF  glutamate  levels  in  patients 
with  schizophrenia  has  been  found.  In  addition,  in  synapto- 
somes  prepared  from  postmortem  brains  of  patients  with 
schizophrenia,  depolarization -induced  release  of  glutamate  is 
reduced.  Also,  changes  in  glutamate  receptors  in  several  brain 
areas  of  individuals  with  schizophrenia  have  been  described 
(Ulas  and  Cotman,  1993).  Of  particular  interest  is  that  cloza- 
pine interacts  with  the  glutamate  receptor  and  increases  glu- 
tamate levels  in  the  prefrontal  cortex  of  rats.  Classic  neu- 
roleptics, like  haloperidol,  also  modify  glutamate  function  to 
some  extent;  this  suggests  a new  target  for  the  development 
of  antipsychotic  drugs.  For  a detailed  discussion  of  the  inter- 
action of  glutamate  and  DA  in  the  production  of  schizo- 
phrenic symptoms,  as  well  as  an  analysis  of  the  neuronal  cir- 
cuitry and  receptor  types  involved,  see  Bunney  et  al.  (1995). 

Because  the  circuitry  of  the  limbic  structures  and  the 
frontal  cortex  are  complex,  it  is  not  surprising  that  many 
other  neurotransmitters  modulate  or  interact  with  DA  trans- 
mission. Acetylcholine,  GABA,  norepinephrine,  serotonin, 
and  endorphins  may  each  play  a part  in  the  presentation  of 
individual  symptoms  of  schizophrenia. 


Section  Summary 

Compared  with  healthy  individuals,  individuals  with  schizo- 
phrenia have  significant  differences  in  brain  structure  and 
function.  Brain  shrinkage  and  cell  disorganization  occur  in 
the  basal  ganglia,  temporal  lobe,  prefrontal  cortex,  and  sev- 
eral limbic  areas,  including  the  hippocampus.  Ventricles  are 
significantly  enlarged.  The  correlation  between  ventricular 
size  and  age  at  diagnosis  plus  the  lack  of  gliosis  suggest  that 
the  cell  loss  is  not  degenerative  but  more  likely  an  error  of 
neurodevelopment.  PET  measures  of  cell  activity  consistent- 
ly show  diminished  activity  of  the  frontal  lobe.  The  failure  of 
the  prefrontal  cortex  is  reflected  in  many  symptoms:  poor 
social  functioning,  lack  of  motivation,  poor  attention,  and 
problem-solving  deficits. 

The  etiology  of  schizophrenia  has  clear  genetic  compo- 
nents, which  are  being  investigated  using  techniques  of 
molecular  biology  including  linkage  studies,  candidate  genes, 
and  DNA  microarray.  Neurodevelopmental  deficits  that  may 
be  induced  by  prenatal  events  may  also  be  significant  risk 
factors  for  developing  the  disorder.  In  addition,  both  per- 
sonal and  environmental  factors  may  trigger  the  disorder  in 
vulnerable  individuals,  while  others  with  similar  physiology 
are  protected  by  certain  life  events. 

A significant  amount  of  evidence  also  points  to  a role  for 
DA  in  the  etiology  of  schizophrenia.  However,  abnormalities 
in  DA  transmission  do  not  account  for  all  aspects  of  the  dis- 
order, nor  is  the  DA  hypothesis  free  from  contradictions.  It 
is  important  to  remember  that  the  clinical  effects  of  antipsy- 
chotic drugs  take  several  weeks  to  develop,  which  suggests 
that  the  drugs  are  not  acting  at  the  site  of  the  disorder  but 
are  causing  an  adaptive  change  in  the  nervous  system  that 
reduces  symptoms.  There  is  evidence  that  DA  interacts  with 
other  neurotransmitters,  for  example,  glutamate,  and  it  is 
likely  that  schizophrenia  involves  the  complex  interaction  of 
multiple  neuronal  pathways. 
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absolute  refractory  period  Short  period  of  time  after  an 
action  potential  characterized  by  the  inability  to  open  Na+ 
channels  and  the  inability  to  respond  to  subsequent  stimuli, 
absorption  Movement  of  a drug  from  the  site  of  adminis- 
tration to  the  circulatory  system, 
abstinence  syndrome  Condition  characterized  by  unpleas- 
ant symptoms  when  an  individual  tries  to  cease  drug  use. 
acetaldehyde  dehydrogenase  (ALDH)  Enzyme  in  the  liver 
that  metabolizes  the  acetaldehyde  intermediate  formed  by 
alcohol  oxidation  into  acetic  acid, 
acetylcholine  (ACh)  Neurotransmitter  involved  with  the 
central  and  peripheral  nervous  system  and  synthesized  by 
the  cholinergic  neurons.  It  is  the  target  of  many  of  the  dead- 
liest neurotoxins. 

acetylcholinesterase  (AChE)  Enzyme  that  controls  levels  of 
ACh  by  breaking  it  down  into  choline  and  acetic  acid. 

acetyl  coenzyme  A (acetyl  CoA)  Precursor  necessary  for 
ACh  synthesis. 

action  potential  Rapid  change  in  electrical  signal  that  is 
transmitted  down  the  axon. 

active  zone  Area  along  the  axon  terminal,  near  the  postsy- 
naptic  cell,  that  is  specialized  for  neurotransmitter  release, 
acute  anxiety  Response  to  a stressful  event,  and  only  to  a 
stressful  event,  that  results  in  extreme  apprehension, 
acute  tolerance  Rapid  tolerance  formed  after  a single 
administration  of  a drug,  as  is  the  case  with  alcohol, 
additive  effects  Drug  interactions  characterized  by  the  col- 
lective sum  of  the  two  individual  drug  effects, 
adenosine  Blockade  of  receptors  for  this  substance  is 
responsible  for  caffeine’s  stimulant  effects, 
adoption  study  Study  used  to  understand  how  heredity 
contributes  to  a disorder  by  comparing  the  incidence  of  the 
disorder  in  the  biological  and  adoptive  parents  of  people 
adopted  at  an  early  age  who  have  the  disorder.  A higher  inci- 
dence of  the  disorder  among  biological  parents  than  adop- 
tive parents  suggests  a hereditary  influence, 
adrenal  cortex  Outer  portion  of  the  adrenal  gland  that 
secretes  glucocorticoids. 


adrenal  gland  An  endocrine  gland  that  is  located  above  the 
kidney  and  secretes  EPI,  NE,  and  glucocorticoids.  It  is  com- 
posed of  the  adrenal  medulla  and  the  adrenal  cortex, 
adrenal  medulla  Inner  portion  of  the  adrenal  gland  that 
secretes  the  catecholamines  EPI  and  NE. 
adrenergic  Adjectival  form  of  adrenaline,  also  called  epi- 
nephrine (EPI).  May  be  used  broadly  to  include  both  NE- 
and  EPI -related  features. 

adrenoceptor  Receptor  to  which  NE  and  EPI  bind;  part  of 
the  metabotropic  receptor  family.  Also  known  as  an  adren- 
ergic receptor. 

adrenocorticotropic  hormone  (ACTH)  Hormone  secreted 
by  the  anterior  pituitary  that  stimulates  glucocorticoid  syn- 
thesis and  release  from  the  adrenal  cortex, 
aerosols  Class  of  inhalants  characterized  by  sprays,  such  as 
hair  or  deodorant  sprays,  containing  various  chemicals  used 
as  solvents  and  propellants. 

affinity  Attraction  between  a molecule  and  a receptor, 
agonist  Substance  that  binds  to  a receptor  causing  stimula- 
tion. 

agoraphobia  Fear  of  public  places. 

albuterol  Drug  that  selectively  stimulates  the  P-adrenocep- 
tor.  It  is  used  in  asthma  treatments, 
alcohol  abuse  Less  severe  form  of  alcoholism,  characterized 
by  consumption  of  alcohol  in  excess, 
alcohol  dehydrogenase  Enzyme  in  the  liver  and  stomach 
that  oxidizes  alcohol  into  acetaldehyde, 
alcohol  dependence  More  severe  form  of  alcoholism,  char- 
acterized by  a physical  reliance  on  alcohol, 
alcoholic  cirrhosis  Condition  seen  in  chronic  alcohol 
abusers  caused  by  accumulation  of  acetaldehyde  in  the  liver 
that  kills  cells,  stimulates  scar  tissue  formation,  and  pro- 
motes cell  death  as  scar  tissue  cuts  off  blood  supplies, 
alcoholic  hepatitis  Condition  seen  in  chronic  alcohol 
abusers  caused  by  accumulation  of  acetaldehyde  in  the  liver 
and  characterized  by  inflammation  of  the  liver,  fever,  jaun- 
dice, and  pain. 

alcoholism  A form  of  substance  abuse  characterized  by 
compulsive  alcohol  seeking  and  use  despite  damaging  social 
and  health  effects. 
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alcohol  or  barbiturate  withdrawal  Symptoms  associated 
with  the  termination  of  alcohol,  barbiturate,  or  benzodi- 
azepine use.  The  three  drugs  are  cross  dependent;  adminis- 
tration of  one  alleviates  withdrawal  symptoms  of  the  other, 
alcohol  poisoning  Toxic  effects  associated  with  the  inges- 
tion of  excess  alcohol,  characterized  by  unconsciousness, 
vomiting,  irregular  breathing,  and  cold,  clammy  skin, 
alkaloid  A nitrogenous  organic  compound  often  found  in 
plants. 

all-or-none  Term  used  to  describe  the  observation  that  the 
size  of  an  action  potential  is  independent  of  the  amount  of 
stimulation;  all  that  is  required  to  generate  an  action  poten- 
tial is  to  reach  the  threshold. 

allylglycine  Drug  that  blocks  GABA  synthesis,  inducing 
convulsions. 

a-methyl-para-tyrosine  (AMPT)  Drug  that  inhibits  TH 
activity,  thereby  reducing  catecholamine  synthesis. 
5a-reductase  Enzyme  that  converts  testosterone  into  DHT. 
amino  acids  Essential  building  blocks  of  proteins,  some  of 
which  also  act  as  neuro transmitters, 
amotivational  syndrome  Symptoms  of  cannabis  use  that 
relate  to  poor  educational  achievement  and  motivation. 

AM  PA  receptor  An  ionotropic  glutamate  receptor  selective 
for  the  synthetic  amino  acid  agonist  AMPA. 
amphetamine  Psychostimulant  that  acts  by  increasing  cate- 
cholamine release  in  nerve  cells, 
amphetamine-induced  stereotypy  Model  for  schizophre- 
nia induced  by  giving  animals  high  doses  of  amphetamine, 
amygdala  Part  of  the  limbic  system  that  helps  to  modulate 
emotional  behavior. 

amyotrophic  lateral  sclerosis  (ALS)  Neurological  disorder 
characterized  by  degeneration  of  the  motor  neurons  of  the 
spinal  cord  and  cortex.  Also  known  as  Lou  Gehrig’s  disease, 
anabolic-androgenic  steroids  Group  of  performance 
enhancers  characterized  by  their  ability  to  increase  muscle 
mass  and  produce  masculine  qualities.  The  name  may  be 
shortened  to  anabolic  steroids. 

analeptics  Drugs  that  act  as  circulatory,  respiratory,  or  gen- 
eral CNS  stimulants. 

anandamide  Common  chemical  name  of  the  arachidonic 
acid  derivative  that  functions  as  an  endogenous  ligand  for 
cannabinoid  receptors  in  the  brain, 
androgen  receptor  Target  site  of  testosterone  and  other 
androgens,  located  within  the  cytoplasm  of  the  cell  and 
present  in  many  tissues. 

androgens  Male  sex  hormones  secreted  by  the  testes, 
anesthetic  Substance  that  depresses  the  CNS,  decreasing  all 
sensations  in  the  body  and  causing  unconsciousness, 
antagonist  Substance  that  reduces  the  effect  of  an  agonist 
by  binding  to  the  receptor  and  inhibiting  the  subsequent 
binding  of  active  ligands. 

anterior  Located  near  the  front  or  head  of  an  animal, 
anterior  pituitary  Portion  of  the  pituitary  gland  that 
secretes  the  hormones  TSH,  ACTH,  FSH,  LH,  GH,  and  PRL. 


antibody  Protein  produced  by  the  immune  system  for  the 
purpose  of  recognizing,  attacking,  and  destroying  a specific 
foreign  substance  (i.e.,  an  antigen), 
anticipatory  anxiety  Feeling  of  extreme  worry  over  the 
possibility  that  a certain  unpleasant  event  will  occur  in  a 
particular,  often  public,  situation, 
anticonvulsants  Drugs,  such  as  benzodiazepines,  that  pre- 
vent or  control  seizures.  They  are  used  to  treat  epilepsy, 
antisense  nucleotide  A nucleotide  that  binds  to  a particu- 
lar mRNA  sequence,  delaying  translation  and  increasing 
mRNA  degradation.  Antisense  nucleotides  are  used  to  create 
reversible  suppression  of  gene  expression, 
antitussives  Drugs  that  suppress  the  coughing  reflex, 
anxiolytics  Drugs  that  alleviate  feelings  of  anxiety  in 
humans  and  that  reduce  anxiety- related  behaviors  in  ani- 
mals. 

apomorphine  Drug  that  is  a DL  and  D2  receptor  agonist  and 
causes  behavioral  activation.  It  may  also  be  used  to  treat 
erectile  dysfunction  by  acting  through  DA  receptors  in  the 
brain  to  increase  penile  blood  flow, 
apoptosis  Cell  death  resulting  from  a programmed  series  of 
biochemical  events  designed  to  eliminate  unnecessary  cells. 
It  may  also  be  called  programmed  cell  death, 
arachidonoyl  ethanolamide  Formal  chemical  name  of 
anandamide. 

2-arachidonoylglycerol  (2-AG)  An  arachidonic  acid  deriva- 
tive that  functions  as  an  endogenous  ligand  for  brain 
cannabinoid  receptors. 

arachnoid  Membrane  consisting  of  a weblike  sublayer  that 
covers  the  brain  and  spinal  cord, 
area  postrema  Area  in  the  medulla  of  the  brain  stem  that  is 
not  isolated  from  chemicals  in  the  blood.  It  is  responsible 
for  inducing  a vomiting  response  when  a toxic  substance  is 
present  in  the  blood. 

arecoline  Chemical  from  the  seeds  of  the  betel  nut  palm 
Areca  catechu  that  stimulates  muscarinic  receptors, 
aromatase  Enzyme  that  converts  testosterone  into  estradiol, 
aromatic  amino  acid  decarboxylase  (AADC)  An  enzyme 
that  catalyzes  the  removal  of  a carboxyl  group  from  certain 
amino  acids.  It  is  responsible  for  the  conversion  of  DOPA  to 
DA  in  catecholaminergic  neurons  and  the  conversion  of  5- 
HTP  to  5-HT  in  serotonergic  neurons, 
aromatization  Chemical  reaction  that  creates  a compound 
with  an  aromatic  ring  structure  such  as  that  involving  the 
conversion  of  testosterone  to  estradiol, 
aspartate  The  ionized  form  of  aspartic  acid.  It  is  an  excita- 
tory amino  acid  neurotransmitter  of  the  CNS. 
association  cortex  Portion  of  the  cerebral  cortex  associated 
with  multisensory  integration  and  advanced  processing  of 
information. 

astrocytes  Star-shaped  cells  of  the  nerve  tissue  that  have 
numerous  extensions  and  that  modulate  the  chemical  envi- 
ronment around  neurons. 
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atropine  Drug  found  in  nightshade,  Atropa  belladonna , and 
henbane,  Hyoscyamus  niger , that  blocks  muscarinic  recep- 
tors. 

autoimmune  disorder  Condition  in  which  the  immune 
system  attacks  part  of  ones  own  body, 
autonomic  nervous  system  (ANS)  The  set  of  nerves  that 
regulate  nonvoluntary  movement  of  smooth  muscles  and 
glands,  controlling  digestive  processes,  blood  pressure,  body 
temperature,  and  other  aspects  of  the  internal  environment, 
autoradiography  Process  used  to  detect  the  amount  and 
location  of  bound  radioligand  by  using  a specialized  film  to 
create  an  image  of  where  the  radioligand  is  located  within  a 
tissue  slice.  ^ 

autoreceptors  Neuronal  receptors  in  a cell  that  are  specific 
for  the  same  neurotransmitter  released  by  that  cell.  They 
typically  inhibit  further  neurotransmitter  release, 
axoaxonic  synapse  Junction  used  for  communication 
between  the  axon  terminals  of  two  neurons,  permitting  the 
presynaptic  cell  to  control  neurotransmitter  release  from  the 
postsynaptic  cell  at  the  terminals, 
axodendritic  synapse  Junction  used  for  communication 
between  the  axon  terminal  of  a presynaptic  neuron  and  a 
dendrite  of  a postsynaptic  neuron, 
axon  Long  fiber  extending  from  the  soma  of  the  nerve  cell 
that  conducts  electrical  signals  away  from  the  cell  body, 
axon  collaterals  Branches  formed  when  an  axon  splits,  giv- 
ing the  neuron  the  ability  to  signal  more  cells, 
axon  hillock  Location  at  the  head  of  an  axon  where  the  elec- 
trical signal  is  generated. 

axon  terminal  End  of  the  axon  where  the  signal  may  be 
passed  to  the  dendrites  of  the  next  nerve  cell, 
axoplasmic  transport  Method  of  transporting  proteins 
along  structures  of  the  cytoskeleton  to  designations 
throughout  a neuron. 

axosomatic  synapse  Junction  used  for  communication 
between  a nerve  terminal  and  a nerve  cell  body. 

B 

baclofen  (Lioresal)  Drug  that  is  a selective  agonist  for  the 
GABAb  receptors.  It  is  used  as  a muscle  relaxant  and  an  anti- 
spastic  agent. 

barbiturates  Drugs  that  act  as  a CNS  depressant,  in  part  by 
enhancing  GABAa  receptor  activity, 
basal  forebrain  cholinergic  system  (BFCS)  Collection  of 
cholinergic  nerve  cells  that  innervates  the  cerebral  cortex 
and  limbic  system  structures.  Damage  to  this  system  con- 
tributes to  the  symptoms  of  Alzheimer’s  disease, 
basal  ganglia  Mass  of  gray  matter  located  near  the  base  of 
the  cerebral  hemisphere.  It  includes  the  caudate,  putamen, 
and  globus  pallidus.  The  structures  help  regulate  motor  con- 
trol. 

behavioral  desensitization  Technique  used  to  treat  pho- 
bias by  introducing  the  fear-inducing  stimulus  in  incre- 
ments, allowing  the  patient  to  maintain  a relaxed  feeling  in 
its  presence. 


behavioral  despair  Technique  used  to  measure  depression 
in  animals  by  placing  them  in  a cylinder  of  water  from 
which  they  cannot  escape  and  recording  the  time  it  takes  for 
them  to  abandon  attempts  to  escape. 

behavioral  supersensitivity  An  increased  response  to  a 
drug  treatment  as  a direct  result  of  previous  drug  history  or 
drug  intake. 

behavioral  tolerance  Isolated  tolerance  formed  for  a drug 
in  a particular  environmental  setting  that  does  not  carry 
over  to  a new  environment  or  situation, 
benzodiazepines  (BDZs)  Drugs  that  act  as  CNS  depressants 
in  part  by  enhancing  GABAa  receptor  activity, 
benzoylecgonine  Major  metabolite  of  cocaine  breakdown. 
It  can  be  detected  in  the  urine  of  a user  days  following  the 
last  dose. 

benztropine  mesylate  (Cogentin)  Anticholinergic  drug 
used  to  treat  early  symptoms  of  Parkinson’s  disease, 
bicuculline  Drug  that  blocks  the  binding  of  GABA  to  the 
GABAa  receptor  and  acts  as  a convulsant. 
binge  drinking  Consumption  of  five  or  more  alcoholic 
drinks  in  a row. 

bioavailability  Concentration  of  drug  present  in  the  blood 
that  is  free  to  bind  to  specific  target  sites, 
biogenic  amine  A transmitter  that  is  made  by  a living 
organism  and  contains  at  least  one  amine  group, 
biopsychosocial  model  Model  of  addiction  that  attempts 
to  give  a full  account  of  addiction  by  incorporating  biologi- 
cal, psychological,  and  sociological  factors, 
biotransformation  Inactivation  of  a drug  through  a chemi- 
cal change,  usually  by  metabolic  processes  in  the  liver, 
bipolar  disorder  Type  of  affective  disorder  characterized  by 
extreme  mood  swings  between  depression  and  mania, 
blackout  Amnesia  directly  associated  with  heavy  alcohol 
consumption. 

blood  alcohol  concentration  The  amount  of  alcohol  in  a 
given  unit  of  blood,  usually  given  as  a percent  representing 
milligrams  of  alcohol  per  100  milliliters  of  blood, 
brain-derived  neurotrophic  factor  (BDNF)  Protein  of  the 
CNS  that  stimulates  early  neuron  survival  and  growth  as 
well  as  some  neuronal  signaling.  It  is  also  implicated  in  the 
neurotrophic  hypothesis  of  depression, 
brain  stem  Portion  of  the  brain,  consisting  of  the  medulla, 
pons,  and  midbrain,  that  connects  it  to  the  spinal  cord, 
breaking  point  The  point  at  which  an  animal  will  no  longer 
expend  the  effort  required  to  receive  the  reward  (e.g.,  in  a 
drug  self-administration  paradigm), 
broad-spectrum  antipsychotics  Class  of  drugs  used  to 
treat  schizophrenia  by  blocking  a wide  range  of  receptors  in 
addition  to  the  D2  receptor. 

buprenorphine  (Buprenex)  An  opioid  agonist-antagonist 
that  may  be  substituted  for  methadone  and  yields  similar 
treatment  results. 

buspirone  (Buspar)  Drug  that  stimulates  5-HT1A  receptors. 
Symptoms  include  increased  appetite,  reduced  anxiety, 
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reduced  alcohol  cravings,  and  a lower  body  temperature.  It 
is  prescribed  as  an  antianxiety  medication. 

C 

caffeinism  Syndrome  caused  by  taking  excessive  amounts  of 
caffeine  and  characterized  by  restlessness,  insomnia,  anxiety, 
and  physiological  disturbances. 

calcium/calmodulin  kinase  (CaMK)  Enzyme  stimulated  by 
calcium  and  calmodulin  that  phosphorylates  specific  pro- 
teins in  a signaling  pathway. 

candidate  gene  A gene  that  is  suspected  of  involvement  in 
the  development,  progression,  or  manifestation  of  a disease, 
cannabinoid  receptor  Receptor  for  cannabinoids,  including 
THC  and  anandamide.  In  the  CNS,  they  are  concentrated  in 
the  basal  ganglia,  cerebellum,  hippocampus,  and  cerebral 
cortex. 

cannabinoids  Collection  of  over  60  compounds  found 
uniquely  in  cannabis  plants. 

carbon  monoxide  (CO)  Gas  that  acts  as  a signaling  molecule 
in  the  brain  and  is  deadly  in  high  concentrations, 
case-control  method  Technique  used  to  identify  genes 
associated  with  a disorder  by  comparing  the  genes  of  unre- 
lated affected  and  unaffected  people  to  determine  if  those 
who  are  affected  are  more  likely  to  possess  a particular  allele, 
catabolic  Chemicals,  such  as  glucocorticoids,  that  decrease 
protein  synthesis  and  increase  protein  breakdown, 
catalepsy  State  characterized  by  a lack  of  spontaneous 
movement.  It  is  usually  associated  with  D2  receptor  blockers 
(a  DA  receptor  subtype),  but  can  also  be  induced  with  a Dj 
blocker. 

catatonic  schizophrenia  Subtype  characterized  by  alternat- 
ing periods  of  activity  and  inactivity, 
catecholamines  Group  of  neurotransmitters  and  hormones 
characterized  by  two  chemical  similarities:  a core  structure 
of  catechol  and  a nitrogen-containing  amine.  They  belong 
to  a wider  group  of  transmitters  called  monoamines  or  bio- 
genic amines. 

catechol-O-methyltransferase  (COMT)  One  of  the 

enzymes  responsible  for  metabolic  breakdown  of  cate- 
cholamines. 

caudal  Located  near  the  back  or  rear  of  an  animal. 

CB1  Cannabinoid  receptor  of  the  metabotropic  receptor 
family  located  in  the  CNS. 

CB2  Cannabinoid  receptor  located  primarily  in  the  immune 
system. 

central  canal  Channel  within  the  center  of  the  spinal  cord. 

It  is  filled  with  CSF. 

cerebellar  peduncles  Large  bundles  of  axons  that  connect 
the  cerebellum  to  the  pons,  midbrain,  or  medulla  oblongata, 
cerebellum  Large  structure  of  the  metencephalon  that  is 
located  on  the  dorsal  surface  of  the  brain  and  that  is  con- 
nected to  the  pons  by  the  cerebellar  peduncles.  It  is  an 
important  sensorimotor  control  center  of  the  brain, 
cerebral  cortex  Tissue  that  forms  the  outside  of  the  cerebral 
hemispheres  and  is  important  for  higher  order  cognitive 
functions. 


cerebral  hemispheres  The  largest  regions  of  the  brain. 

They  include  the  external  cerebral  cortex,  the  underlying 
white  matter,  and  some  subcortical  structures, 
cerebral  ventricles  Cavities  within  the  brain  filled  with  CSF. 
cerebrospinal  fluid  (CSF)  Fluid  that  surrounds  the  brain 
and  spinal  cord,  providing  cushioning  that  protects  against 
trauma. 

cGMP  phosphodiesterase  Enzyme  that  catalyzes  the  break- 
down of  cGMR 

challenge  study  Method  to  indirectly  measure  receptor 
function  by  recording  the  magnitude  of  a biological 
response  to  an  agonist  or  antagonist, 
chippers  Individuals  who  are  long-term  smokers,  but  are 
not  dependent  on  nicotine  and  can  maintain  a smoking  rate 
of  only  a few  cigarettes  per  day. 
choline  Precursor  necessary  for  ACh  synthesis, 
choline  acetyitransferase  (ChAT)  Enzyme  that  catalyzes 
the  synthesis  of  ACh  from  acetyl  CoA  and  choline, 
cholinergic  Adjectival  form  of  ACh. 

choline  transporter  Protein  in  the  membrane  of  the  cholin- 
ergic nerve  terminal  involved  with  the  uptake  of  choline 
from  the  synaptic  cleft. 

choroid  plexus  Gland  that  produces  the  CSF.  Located  in  the 
lateral  ventricle  of  each  hemisphere, 
chromaffin  cells  The  cells  of  the  adrenal  medulla, 
chromosomes  Linear  strands  of  DNA  that  carry  genes, 
cingulate  Major  portion  of  the  limbic  cortex.  Its  anterior 
component  is  responsible  for  modulating  the  emotional 
component  of  pain. 

classical  conditioning  Repeated  pairing  of  a conditioned 
with  an  unconditioned  stimulus,  eventually  causing  the  con- 
ditioned stimulus  to  elicit  a (conditioned)  response  that  is 
similar  to  the  original  unconditioned  response, 
clonidine  An  a2-adrenergic  agonist  that  stimulates  autore- 
ceptors and  inhibits  noradrenergic  cell  firing.  It  is  used  to 
reduce  symptoms  of  opioid  withdrawal, 
cloning  Method  used  to  produce  large  numbers  of  geneti- 
cally identical  cells.  The  term  can  also  describe  the  isolation 
and  characterization  of  an  individual  gene, 
clozapine  (Clozaril)  Drug  that  inhibits  5-HT2A  and  D2 
dopamine  receptors.  It  is  used  to  treat  schizophrenia, 
club  drug  Street  name  for  GHB,  as  well  as  MDMA  and  keta- 
mine, coined  as  a result  of  their  popularity  at  nightclubs. 
CNS  depressants  Large  category  of  drugs  that  inhibit  nerve 
cell  firing  within  the  central  nervous  system.  They  include 
sedative-hypnotics  and  are  used  to  induce  sleep  and  to  treat 
symptoms  of  anxiety. 

co-agonists  Substances  needed  simultaneously  to  activate  a 
specific  receptor. 

cocaethylene  Metabolite  formed  from  the  interaction  of 
cocaine  and  alcohol.  It  produces  biological  effects  similar  to 
those  of  cocaine. 

cocaine  Stimulant  drug  that  blocks  reuptake  of  DA,  NE,  and 
5-HT  by  neurons,  thereby  increasing  their  concentration  in 
the  synaptic  cleft. 
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cocaine  binges  Periods  of  cocaine  use  lasting  hours  or  days 
with  little  or  no  sleep. 

coding  region  Portion  of  the  gene  that  codes  for  the  amino 
acid  sequence  of  a protein. 

comorbidity  Diagnosis  of  simultaneous  but  distinct  disease 
processes  in  an  individual,  such  as  the  propensity  for  drug 
abusers  to  be  diagnosed  with  other  psychiatric  problems, 
competitive  antagonist  Drug  that  competes  with  an  ago- 
nist for  receptor  sites,  reducing  the  effect  of  the  agonist.  The 
drug  may  be  displaced  by  adding  excess  agonist, 
compulsions  Repetitive  tasks  that  an  individual  feels  obli- 
gated to  complete  in  an  effort  to  quell  the  anxiety  caused  by 
obsessive  thoughts.  x 

computerized  tomography  (CT)  Technique  used  to  form  a 
three-dimensional  map  of  the  brain  by  using  an  X-ray  to 
take  systematic  readings  of  two-dimensional  brain  “slices.” 
concentration  gradient  Difference  in  the  amount  or  con- 
centration of  a substance  on  each  side  of  a biological  barrier, 
such  as  the  cell  membrane. 

conditioned  emotional  response  Learned  response  to  a 
neutral  stimulus  given  just  prior  to  a negative  stimulus  (e.g., 
an  electric  shock)  in  an  effort  to  create  a fear  association  to 
the  neutral  stimulus. 

conditioned  place  preference  Method  used  to  determine 
the  rewarding  effects  of  a drug  by  allowing  an  animal  to 
associate  the  drug  with  a specific  environment  and  measur- 
ing its  subsequent  preference  for  that  environment, 
conditioned-response  suppression  Learned  response  to  a 
neutral  stimulus  given  just  prior  to  a negative  stimulus  in  an 
effort  to  cue  an  animal  to  stop  (suppress)  its  behavior, 
conflict  procedure  Method  that  creates  a dilemma  for  an 
animal  by  giving  it  the  choice  of  selecting  a reward  that  is 
followed  by  a negative  stimulus, 
conflict  test  Method  used  to  evaluate  the  level  of  anxiety  felt 
by  an  animal  by  associating  a behavior  with  both  a positive 
and  a negative  stimulus  and  observing  its  propensity  to  per- 
form the  behavior. 

construct  validity  Term  used  to  describe  the  relationship 
between  a testing  procedure  done  on  animals  and  its  ability 
to  predict  clinical  effects  on  humans,  regardless  of  the  simi- 
larity between  their  test  responses, 
continuum  of  drug  use  Progression  of  drug  use  relating  to 
the  amount  and  pattern  of  drug-taking  behavior  and  the 
consequences  that  ultimately  affect  a user  s health  and 
behavior. 

convergence  Process  by  which  neurons  receive  and  inte- 
grate the  numerous  signals  from  other  cells, 
coronal  Sections  cut  parallel  to  the  face, 
corpus  callosum  Large  pathway  connecting  corresponding 
areas  of  the  two  brain  hemispheres,  allowing  communica- 
tion between  each  half  of  the  brain, 
correlational  relationship  Connection  between  an  event 
and  a result  that  appears  directly  related,  but  cannot  be 
assumed  to  be  directly  related  due  to  other  events  that 
potentially  explain  both. 


corticosterone  A glucocorticoid  secreted  by  the  adrenal  cor- 
tex of  rats  and  mice. 

corticotropin-releasing  hormone  (CRH)  Hormone  synthe- 
sized by  neurons  of  the  hypothalamus  that  stimulates  ACTH 
release.  Also  known  as  corticotrophin-releasing  factor 
(CRF). 

cortisol  Specific  glucocorticoid  secreted  by  the  adrenal  cor- 
tex of  primates. 

cotinine  Principal  product  of  nicotine  metabolism  by  the 
liver. 

counteradaptation  Process  whereby  repeated  drug  use 
results  in  changes  that  weaken  the  effect  of  the  drug  on  the 
individual. 

crack  Form  of  cocaine  made  by  adding  baking  soda  to  a 
solution  of  cocaine  HC1,  heating  the  mixture,  and  drying  the 
solid. 

cranial  nerves  The  12  pairs  of  nerves  originating  at  the 
brain  and  leading  primarily  to  regions  of  the  head  and  neck, 
craving  Strong  urge  addicts  feel,  compelling  them  to  take  a 
drug. 

cross  dependence  Developed  need  for  a specific  drug  that 
can  be  substituted  with  other  drugs  in  the  same  or  similar 
class,  eliminating  or  reducing  signs  of  withdrawal, 
cross-tolerance  Developed  tolerance  to  a specific  drug  that 
also  reduces  the  effectiveness  of  a different  drug, 
cyclic  adenosine  monophosphate  (cAMP)  Second  mes- 
senger that  activates  PKA  and  is  controlled  by  DA,  NE,  5- 
HT,  and  endorphins. 

cyclic  guanosine  monophosphate  (cGMP)  Second  mes- 
senger that  activates  PKG  and  is  controlled  in  part  by  NO. 
cycling  Pattern  of  steroid  use  characterized  by  6 to  12  weeks 
of  drug  use,  followed  by  a period  of  abstinence  before 
repeating  the  drug  use  pattern. 

cytochrome  P450  Class  of  liver  enzymes,  in  the  microsomal 
enzyme  group,  responsible  for  oxidizing  the  majority  of  psy- 
choactive drugs,  including  alcohol, 
cytochrome  P450  2A6  (CYP2A6)  Specific  type  of  cyto- 
chrome P450  that  metabolizes  nicotine  into  cotinine. 
cytoplasm  Salty  gelatinous  fluid  of  the  cell,  outside  of  the 
nucleus  and  bounded  by  the  cell  membrane, 
cytoskeleton  Structural  matrix  of  a cell  that  is  composed  of 
tubular  materials. 

D 

DA  imbalance  hypothesis  of  schizophrenia  Theory  that 
altered  DA  function,  reduced  in  mesocortical  dopaminergic 
neurons  and  increased  in  mesolimbic  dopaminergic  neu- 
rons, leads  to  the  symptoms  observed  in  schizophrenics. 

DA  transporter  (DAT)  Protein  in  the  membrane  of 
dopaminergic  neurons  that  is  responsible  for  DA  uptake 
from  the  synaptic  cleft. 

decay  Gradual  decrease  in  local  potential  as  an  electrical  sig- 
nal travels  down  the  cell  membrane, 
delirium  tremens  Severe  effects  of  alcohol  withdrawal  char- 
acterized by  irritability,  headaches,  agitation,  hallucinations, 
and  confusion. 
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A9-tetrahydrocannabinol  (THC)  Psychoactive  chemical 
found  in  cannabis  plants;  a cannabinoid. 

8-receptor  A type  of  opioid  receptor  primarily  in  the  fore- 
brain that  may  help  regulate  olfaction,  motor  integration, 
reinforcement,  and  cognitive  function. 

dendrites  Projections  from  the  soma  that  receive  signals  and 
information  from  other  cells. 

dendritic  spines  Projections  from  dendrites  that  increase 
the  receiving  surface  area. 

denial  Characteristic  of  alcoholics  who  insist  that  alcohol  is 
not  the  source  of  their  problems. 

2-deoxyglucose  (2-DG)  autoradiography  Technique  used 
to  determine  which  areas  of  the  brain  are  most  active  by 
identifying  the  cells  that  are  actively  taking  up  glucose.  Cells 
that  take  up  the  radioactively  labeled  2-DG  can  be  detected 
by  autoradiography. 

depolarization  Act  of  neutralizing  or  counteracting  the 
polarization  across  a cell  membrane. 

depolarization  block  Process  in  which  the  resting  potential 
across  the  cell  membrane  is  lost.  The  neuron  cannot  be 
excited  until  the  membrane  is  repolarized. 

depot  binding  Type  of  drug  interaction  involving  binding 
to  an  inactive  site,  such  as  to  proteins  in  the  plasma,  to  bone, 
or  to  fat. 

deprivation  reversal  model  Theory  that  smoking  is  main- 
tained by  mood  enhancement  and  increased  concentration 
that  occur  when  nicotine  withdrawal  symptoms  are  alleviat- 
ed. 

descending  modulatory  pathways  Pathways,  the  most 
important  of  which  arises  from  the  PAG,  that  start  at  the 
midbrain  and  influence  pain  signals  carried  by  the  spinal 
cord  neurons. 

desensitized  Altered  receptor  state  characterized  by  a lack 
of  response  to  an  agonist. 

detoxification  Procedure  used  to  treat  chronic  alcoholics  in 
which  drinking  is  stopped  and  withdrawal  symptoms  are 
treated  (e.g.,  by  administering  a benzodiazepine)  until  the 
abstinence  syndrome  has  ended.  Similar  procedures  are  used 
with  other  addictive  drugs. 

detoxified  A drug  user  undergoing  detoxification  is  consid- 
ered to  be  detoxified  when  signs  of  abstinence  syndrome 
and  withdrawal  end. 

dexanabinol  Cannabinoid,  also  known  as  HU-21 1,  that  is  a 
noncompetitive  antagonist  at  NMDA  receptors  and  doesn’t 
bind  to  CBj  receptors. 

dexmedetomidine  (Precedex)  Drug  that  stimulates  a2- 
receptors,  characterized  by  its  sedative,  anxiolytic,  and,  anal- 
gesic effects.  It  is  used  to  treat  surgical  patients  in  intensive 
care. 

dextromethorphan  Opioid-like  drug  that  is  the  major  anti- 
tussive  agent  in  most  over-the-counter  cough  medicine. 

dextrorphan  Bioactive  metabolite  of  dextromethorphan 
that  has  PCP-like  stimulus  effects. 


diazepam  (Valium)  A BDZ  that  binds  to  the  BDZ  receptor, 
increasing  the  effectiveness  of  GABA  to  open  the  GABAa 
receptor  channel. 

diazepam  binding  inhibitor  (DBI)  Proposed  endogenous 
ligand  for  the  BDZ  site  on  GABAa  receptor, 
dihydrotestosterone  (DHT)  Metabolite  of  testosterone  that 
also  has  androgenic  effects. 

5,7-dihydroxytryptamine  (5,7-DHT)  Neurotoxin  that 
selectively  damages  serotonergic  neurons. 

1 -(2,5-dimethoxy-4-iodophenyl)-2-aminopropane  (DOI) 

Drug  that  stimulates  5-HT2A  receptors,  producing  “head- 
twitch”  in  rodents  and  hallucinations  in  humans, 
dimethyltryptamine  (DMT)  Hallucinogenic  drug  found  in 
several  South  American  plants. 

disease  model  Model  of  addiction  that  treats  addiction  as  a 
distinct  medical  disorder  or  disease, 
dissociative  anesthesia  An  unusual  type  of  anesthetic  state 
characterized  by  environmental  detachment.  It  is  produced 
by  certain  noncompetitive  NMDA  receptor  antagonists  such 
as  ketamine  and  PCP. 

divergence  Process  by  which  neurons  transmit  their  inte- 
grated signals  back  out  to  select  neurons. 

DNA  microarray  Method  used  to  screen  tissue  or  cell 
extracts  for  changes  in  the  expression  of  many  genes  at  the 
same  time. 

domoic  acid  Amino  acid  found  in  certain  seafoods  that 
causes  excitotoxicity  in  organisms  that  consume  it. 
dopamine  (DA)  Neurotransmitter,  related  to  NE  and  EPI, 
that  belongs  to  a group  called  catecholamines. 

dopamine  P-hydroxylase  (DBH)  Enzyme  that  catalyzes  the 
third  step  of  NE  synthesis  in  neurons,  the  conversion  of  DA 
to  NE. 

dopamine  hypothesis  of  schizophrenia  Theory  that  the 
DA  pathway  is  dysregulated  in  schizophrenic  patients,  caus- 
ing the  symptoms  observed, 
dopaminergic  Adjectival  form  of  DA. 

dopamine  system  stabilizer  Antipsychotic  drug  that  is  a 
DA  mixed  agonist-antagonist. 

dorsal  Located  toward  the  top  of  the  brain  and  back  of  the 
body  in  humans. 

dorsal  raphe  nucleus  Structure  located  in  the  area  of  the 
caudal  midbrain  and  rostral  pons  that  contains  a large  num- 
ber of  serotonergic  neurons.  In  conjunction  with  the  medi- 
an raphe  nucleus,  it  is  responsible  for  most  of  the  serotoner- 
gic fibers  in  the  forebrain.  Together  they  regulate  sleep, 
aggression,  impulsiveness,  and  emotions, 
dose-response  curve  Graph  used  to  display  the  amount  of 
biological  change  in  relation  to  a given  drug  dose, 
double-blind  experiment  Type  of  experiment  in  which 
neither  the  patient  nor  the  observer  knows  the  treatment 
received  by  the  patient. 

down-regulation  Decrease  in  the  number  of  receptors, 
which  may  be  a consequence  of  chronic  agonist  treatment. 
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dronabinol  Drug  that  is  a synthetic  form  of  THC,  sold 
under  the  trade  name  Marinol,  used  to  treat  nausea  symp- 
toms in  chemotherapy  patients, 
drug  action  Molecular  changes  associated  with  a drug  bind- 
ing to  a particular  target  site  or  receptor, 
drug  competition  Interaction  between  two  drugs  that  share 
a metabolic  system  and  compete  for  the  same  metabolic 
enzymes. 

drug  depots  Inactive  sites  where  drugs  accumulate.  There  is 
no  biological  effect  from  drugs  binding  at  these  sites, 
drug  detoxification  Process  whereby  an  individual  elimi- 
nates a drug  from  the  body  and  goes  through  an  abstinence 
syndrome. 

drug  disposition  tolerance  Type  of  tolerance  to  a drug  that 
is  characterized  by  a reduced  amount  of  drug  available  at  the 
target  tissue,  often  as  a result  of  more  rapid  drug  metabo- 
lism. It  is  sometimes  also  called  metabolic  tolerance, 
drug  effects  Alterations  in  physiological  or  psychological 
functions  associated  with  a specific  drug, 
drug  self-administration  Technique  used  to  measure  the 
reinforcing  properties  of  a drug  by  allowing  an  animal  to 
give  itself  drug  doses. 

dry-mouth  effect  State  characterized  by  a reduction  in  sali- 
va production  as  a result  of  muscarinic  antagonism.  Its  tech- 
nical name  is  xerostomia. 

D-serine  Amino  acid  that  is  a co- agonist  with  glutamate  for 
the  NMDA  receptor. 

D-tubocurarine  Poison  that  targets  muscle  nicotinic  recep- 
tors, blocking  cholinergic  transmission, 
dual  NE/5-HT  modulators  Antidepressants  that  enhance 
both  NE  and  5-HT  function,  and  that  act  on  only  the 
desired  receptors. 

dura  mater  The  outer  layer  of  the  meninges.  It  is  the 
strongest  of  the  three  meninges  layers, 
dysphoria  An  unpleasant  or  depressed  mood. 

E 

effector  enzymes  Enzymes  of  the  cell  membrane  that  may 
be  regulated  by  G proteins  and  that  cause  biochemical  and 
physiological  effects  in  postsynaptic  cells  (e.g.,  by  means  of 
second  messengers). 

efficacy  Ability  to  produce  the  desired  biological  action 
(e.g.,  the  ability  of  an  agonist  to  activate  its  receptor). 

electrical  self-stimulation  A procedure  whereby  an  animal 
self-administers  a weak  electrical  shock  to  a specific  brain 
area  due  to  the  reinforcing  properties  of  the  stimulation, 
electroencephalography  (EEG)  Technique  used  to  measure 
brain  activity  by  using  electrodes  taped  on  the  scalp  to 
obtain  electrical  recordings  in  humans.  Electrodes  can  also 
be  implanted  surgically  into  the  brain  to  monitor  EEG  activ- 
ity in  animals. 

electrostatic  pressure  Force  drawing  an  ion  to  either  side 
of  the  cell  membrane  in  an  attempt  to  balance  or  neutralize 
ionic  charges. 

elevated  plus-maze  Maze  type  that  involves  a cross-shaped 
maze  that  has  two  open  arms,  two  enclosed  arms,  and  has 


been  raised  50  cm  off  the  floor.  It  is  used  to  test  a rodenf  s 
level  of  anxiety. 

empirical  validity  Term  used  to  describe  the  relationship 
between  a testing  procedure  done  on  animals  and  its  ability 
to  predict  clinical  effects  on  humans,  regardless  of  the  simi- 
larity between  their  test  responses, 
enablers  Friends  and  family  members  who  assist  an  alco- 
holic, allowing  the  individual  to  continue  to  function  in 
society  without  getting  treatment, 
endocannabinoids  Lipid-like  substances  that  activate  CB 
receptors.  They  are  produced  from  arachidonic  acid  in  the 
body. 

endocrine  gland  Specialized  organ  that  secretes  hormones 
into  the  bloodstream. 

endocytosis  Method  by  which  vesicles  are  formed  within 
the  cell  by  pinching  off  a part  of  the  cell  membrane, 
endogenous  ligand  Term  used  to  describe  the  body’s  own 
signaling  molecule  for  a receptor,  especially  in  those  cases  in 
which  the  receptor  was  initially  identified  as  the  target  of  an 
exogenous  substance  such  as  a plant-derived  compound  or  a 
synthetic  drug. 

endomorphins  Group  of  peptides  in  the  CNS  that  have  a 
distinct  structure,  selectively  bind  to  the  ju-opioid  receptor, 
and  eliminate  pain. 

endorphins  Group  of  peptides  in  the  brain  that  stimulate 
opioid  receptors,  reducing  pain  and  enhancing  ones  general 
mood. 

endozepines  Small  nonpeptide  molecules  in  the  brain  that 
display  BDZ-like  activity  on  GABAa  receptors, 
entacapone  (Comtan)  COMT  inhibitor  used  in  conjunc- 
tion with  l-DOPA  to  treat  Parkinsons  disease, 
enzyme  A protein  that  functions  as  a biochemical  catalyst, 
enzyme  induction  Increase  in  liver  drug-metabolizing 
enzymes  associated  with  repeated  drug  use. 
enzyme  inhibition  Reduction  in  liver  enzyme  activity  asso- 
ciated with  a specific  drug. 

epidural  Method  that  involves  administration  of  a drug  into 
the  cerebrospinal  fluid  surrounding  the  spinal  cord, 
epinephrine  (EPI)  Hormone  related  to  NE  that  belongs  to  a 
group  called  catecholamines.  It  is  secreted  by  the  chromaffin 
cells  of  the  adrenal  medulla,  and  it  produces  the  “fight-or- 
flight”  response  by  regulating  the  diversion  of  energy  and 
blood  to  muscles.  Also  known  as  adrenaline, 
equilibrium  potential  Point  at  which  the  electrostatic  forces 
and  the  concentration  gradient  for  an  ion  are  balanced, 
ergot  Fungus,  Claviceps  purpurea , that  infects  certain  grains 
and  that  contains  several  important  alkaloids  from  which 
the  structure  of  LSD  was  derived, 
ergotism  Disease  caused  by  ergot-contaminated  grains  that 
can  lead  to  death. 

estradiol  Specific  estrogen  and  a powerful  female  sex  hor- 
mone. 

estrogens  Female  sex  hormones  secreted  by  the  ovaries. 
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ethanol  Proper  chemical  name  for  the  type  of  alcohol  con- 
sumed by  humans.  Similar  to  BDZs,  it  acts  as  a CNS-depres- 
sant  in  part  by  enhancing  GABAa  receptor  activity, 
euphoria  Feeling  of  general  well-being  or  an  elevated  mood, 
event-related  potentials  Electrical  changes  in  neuron 
activity  in  response  to  a sensory  stimulus, 
excitatory  amino  acid  neurotransmitters  Transmitters, 
including  glutamate,  aspartate,  and  some  other  amino  acids, 
that  cause  an  excitatory  response  in  most  neurons  of  the 
brain  or  spinal  cord. 

excitatory  amino  acid  transporter  (EAAT)  Protein  that 
transports  glutamate  and  aspartate  across  the  plasma  mem- 
brane. There  are  five  such  transporters,  designated  EAAT1  to 
EAAT5. 

excitatory  postsynaptic  potential  (EPSP)  Membrane 
depolarization  of  a postsynaptic  neuron  that  results  from 
neurotransmitters  binding  to  specific  receptors  on  the  cell 
and  that  tends  to  increase  the  activity  (firing)  of  that  cell, 
excitotoxicity  hypothesis  Theory  that  excessive  glutamate 
or  other  excitatory  amino  acid  exposure  results  in  prolonged 
depolarization  of  receptive  neurons,  leading  to  their  damage 
or  death. 

exocytosis  Method  by  which  vesicles  release  substances  and 
neurotransmitters,  characterized  by  fusion  of  the  vesicle  and 
the  cell  membrane,  specifically  the  axon  terminal  membrane 
in  the  case  of  neurotransmitters.  The  vesicle  opens  toward 
the  synaptic  cleft  allowing  neurotransmitter  molecules  to 
diffuse  out. 

expectancy  Term  used  to  describe  the  anticipated  effect  of  a 
drug  and  its  role  in  drug  action  or  perceived  drug  action, 
exposure  models  Model  of  addiction  in  which  changes  in 
the  brain  due  to  chronic  drug  use  are  thought  to  lead  to  loss 
of  control  over  drug-taking  behavior  as  well  as  other  symp- 
toms of  addiction. 

expression  Process  that  leads  to  manifestation  of  a sensi- 
tized response  and  that  requires  enhanced  reactivity  of  DA 
nerve  terminals  in  the  nucleus  accumbens. 
expression  phase  The  period  of  time  after  a tetanic  stimu- 
lation is  given,  characterized  by  enhanced  synaptic  strength 
(i.e.,  LTP). 

extracellular  fluid  Salty  fluid  surrounding  nerve  cells  that 
provides  oxygen,  nutrients,  and  chemical  signals,  and  that 
removes  secreted  cell  waste. 

extracellular  recording  Method  of  taking  measurements  of 
cell  firing  by  inserting  a fine-tipped  electrode  into  the  extra- 
cellular fluid  surrounding  the  cell. 

F 

face  validity  Term  used  to  describe  the  relationship  between 
a testing  procedure  done  on  animals  and  its  direct  correla- 
tion to  human  test  results  or  behavior.  When  animals  and 
humans  show  the  same  response,  a test  has  high  face  validi- 
ty- 

fatty  acid  amide  hydrolase  (FAAH)  Enzyme  that  metabo- 
lizes endocannabinoids. 


fatty  liver  Damaging  effect  of  alcohol  characterized  by  the 
accumulation  of  triglycerides  inside  liver  cells, 
fear-potentiated  startle  Enhanced  response  to  a novel  neg- 
ative stimulus  following  a neutral  stimulus  as  a result  of  pre- 
vious conditioning  to  associate  the  neutral  stimulus  with  a 
negative  stimulus  (e.g.,  electric  shock), 
fenestrations  Large  gaps  between  adjacent  cells, 
fenfluramine  Drug  similar  in  structure  to  amphetamine 
that  stimulates  5-HT  release.  It  is  an  appetite  suppressor  for- 
merly used  as  a treatment  for  obesity, 
first-order  kinetics  Term  used  to  describe  exponential  elim- 
ination of  drugs  from  the  bloodstream, 
first-pass  effect  Phenomenon  in  which  the  liver  metabo- 
lizes some  of  a drug  before  it  can  circulate  through  the  body, 
particularly  when  the  drug  has  been  taken  orally, 
fissures  Deep  grooves  of  the  cerebral  cortex, 
flashback  Reexperience  of  the  perceptual  drug  effects, 

specifically  those  of  a hallucinogen,  following  termination  of 
drug  use. 

fluoxetine  (Prozac)  Drug  that  selectively  blocks  the  5-HT 
transporter.  It  is  used  as  an  antidepressant, 
focused  stereotypies  Behaviors  produced  by  high  doses  of 
psychostimulants  (e.g.,  cocaine  and  amphetamine)  and 
characterized  by  repetitive  and  aimless  movement, 
follicle-stimulating  hormone  (FSH)  Hormone  secreted  by 
the  anterior  pituitary  that  helps  control  gonad  growth  and 
function. 

forced  swim  test  Technique  used  to  measure  depression  in 
animals  by  placing  them  in  a cylinder  of  water  from  which 
they  cannot  escape  and  recording  the  time  it  takes  for  them 
to  abandon  attempts  to  escape, 
fornix  Structure  that  connects  the  hippocampus  to  the 
mammillary  bodies  and  the  septal  nuclei, 
freebasing  Smoking  the  freebase  form  of  cocaine  obtained 
by  dissolving  cocaine  HC1  in  water,  adding  an  alkaline  solu- 
tion, and  then  extracting  with  an  organic  solvent, 
frontal  Sections  cut  parallel  to  the  face, 
frontal  lobe  One  of  four  lobes  of  the  cerebral  cortex,  it  is 
responsible  for  movement  and  executive  planning, 
functional  MRI  (fMRI)  Technique  used  to  regionally  visual- 
ize brain  activity  by  detecting  the  increase  in  blood  oxygen 
levels  through  magnetic  resonance  measurements  of  oxy- 
genated and  oxygen-depleted  hemoglobin. 

G 

GABA  (y-aminobutyric  acid)  Amino  acid  that  is  the  princi- 
pal inhibitory  neurotransmitter  in  the  CNS. 

GABA  aminotransferase  (GABA-T)  Enzyme  that  breaks 
down  GABA  in  GABAergic  neurons  and  astrocytes. 

GABAa  receptor  Ionotropic  receptor  for  GABA  that  allows 
Cl"  ions  to  enter  the  cell,  thereby  inhibiting  cell  firing. 
GABAb  receptor  Metabotropic  receptor  for  GABA. 

GABA  transporter  Transporters  responsible  for  GABA 
uptake  from  the  synaptic  cleft  into  nerve  cells  and  glia. 

There  are  three  such  transporters  designated  GAT-1,  GAT-2, 
GAT-3. 
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y-hydroxybutyrate  (GHB)  Chemical  similar  in  structure  to 
GABA  that  produces  sedative  and  anesthetic  effects  in  users 
and  that  is  used  medicinally  as  well  as  recreationally. 
gaseous  transmitter  Substance  in  the  gas  phase  that  acts  as 
a neurotransmitter  in  the  body, 
gases  Class  of  inhalants,  such  as  propane  and  nitrous  oxide, 
that  are  obtained  in  their  gaseous  form  from  domestic  or 
commercial  products. 

gene  Portion  of  a chromosome  that  codes  for  a particular 
protein. 

general  anxiety  disorder  (GAD)  Anxiety  disorder  charac- 
terized by  feelings  of  extreme  apprehension  that  have  no 
focus,  lasting  for  extended  and  continuous  periods  of  time, 
genetic  polymorphisms  Genetic  variations  in  a population 
resulting  in  multiple  forms  of  a particular  protein, 
glial  cells  Supporting  cells  of  the  nervous  system  that  insu- 
late, protect  and  metabolically  support  neurons, 
glucagon  Hormone  secreted  by  the  islets  of  Langerhans 
that,  along  with  insulin,  regulates  metabolic  energy  sources 
in  the  body. 

glucocorticoid  Hormone  belonging  to  the  steroid  family 
that  is  secreted  by  the  adrenal  cortex  and  helps  maintains 
blood  glucose  levels  in  the  body, 
glucocorticoid  hypothesis  Theory  that  elevated  glucocorti- 
coid levels  accelerate  cell  damage  and  lead  to  the  cognitive 
symptoms  of  depression. 

glutamate  The  ionized  form  of  glutamic  acid.  It  is  an  excita- 
tory amino  acid  neurotransmitter  of  the  CNS. 

glutamate-dopamine  model  of  schizophrenia  Theory 
that  a deficiency  of  glutamate  in  subcortical  DA  areas 
increases  DA  activity  and  leads  to  the  positive  symptoms  of 
schizophrenia. 

glutamatergic  neurons  Neurons  that  use  glutamate  as  a 
transmitter. 

glutamic  acid  decarboxylase  (GAD)  Enzyme  that  trans- 
forms glutamate  into  GABA. 

glutaminase  Enzyme  that  transforms  glutamine  into  gluta- 
mate. 

glutamine  Precursor  of  the  transmitter-related  glutamate, 
glutamine  synthetase  Enzyme  in  astrocytes  that  converts 
glutamate  into  glutamine. 

glycine  Amino  acid  characterized  by  the  lack  of  a functional 
group.  It  is  a co-agonist  with  glutamate  for  the  NMDA 
receptor. 

gonadotropin-releasing  hormone  (GnRH)  Hormone  that 
stimulates  FSH  and  LH  release.  It  is  synthesized  by  neurons 
of  the  hypothalamus 

gonads  Glands  that  secrete  sex-specific  steroid  hormones. 

G proteins  Specific  membrane  proteins  that  are  necessary 
for  neurotransmitter  signaling  by  metabotropic  receptors. 
They  operate  by  regulating  ion  channels  or  effector  enzymes 
involved  in  the  synthesis  or  breakdown  of  second  messen- 
gers, ultimately  causing  biochemical  or  physiological 
changes  in  the  postsynaptic  cell. 


G protein-coupled  receptor  Slow  acting  receptor  type 
composed  of  a single  large  protein  in  the  cell  membrane  that 
activates  G proteins.  It  may  also  be  called  a metabotropic 
receptor. 

graded  Term  used  to  describe  the  observation  that  the  larger 
a stimulus,  the  greater  the  magnitude  of  hyperpolarization 
or  depolarization  in  neurons. 

growth  hormone  (GH)  Hormone  secreted  by  the  anterior 
pituitary  that  increases  production  of  IGF-I  in  peripheral 
organs. 

gyri  Bulges  of  tissue  between  the  grooves  in  the  cerebral  cor- 
tex. 

H 

habituation  Learned  response  characterized  by  the  loss  of 
response  to  a repeatedly  presented  stimulus. 

half-life  Time  required  to  remove  half  of  a drug  dose  from 
the  blood.  It  is  referred  to  as  t1/2. 

hallucinogen  Substance  that  evokes  hallucinations  when 
consumed. 

haloperidol  A D2  receptor  blocker  that  can  induce  catalepsy 
in  animals  when  administered  in  high  doses.  It  is  used  clini- 
cally as  an  antipsychotic  agent. 

hangover  Effect  of  heavy  alcohol  consumption  that  may  be 
a sign  of  withdrawal,  acute  toxicity,  or  other  negative  effects 
on  body  regulation. 

hashish  Type  of  cannabis  derivative  that  is  smoked  or  eaten. 

hash  oil  Potent  oil  that  is  derived  from  hashish  and  contains 
a high  concentration  of  cannabinoids. 

hebephrenic  schizophrenia  Subtype  of  schizophrenia 
characterized  by  disorganized  behavior  and  moods  that  are 
silly  and  immature. 

hemicholinium-3  (HC-3)  Drug  that  blocks  the  choline 
transporter  in  cholinergic  nerve  terminals. 

heteroreceptors  Axon  receptors  that  are  specific  for  neuro- 
transmitters released  by  other  cells  at  axoaxonic  synapses. 
They  may  either  decrease  or  increase  further  neurotransmit- 
ter release. 

hippocampus  Subcortical  structure  of  the  limbic  system 
that  helps  to  establish  long-term  and  spatial  memories.  The 
hippocampus  is  where  LTP  was  first  discovered  and  is  also 
one  of  the  brain  areas  damaged  in  Alzheimer’s  disease. 

homovanillic  acid  (HVA)  Major  metabolite  formed  in  the 
breakdown  of  DA. 

horizontal  Sections  cut  parallel  to  the  horizon. 

hormone  Chemical  substance  secreted  by  endocrine  glands 
into  the  bloodstream,  where  it  travels  to  target  locations  in 
the  body. 

HPLC  Abbreviation  for  high-performance  liquid  chromatog- 
raphy, a sensitive  technique  for  measuring  small  amounts  of 
substances  (e.g.,  neurotransmitters  or  drugs)  in  biological 
samples. 

5-HT  transporter  Protein  in  the  nerve  terminal  membrane 
that  is  responsible  for  5-HT  reuptake  from  the  synaptic  cleft. 
It  is  sometimes  abbreviated  SERT. 
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8-hydroxy-2-(di-n-propylamino)tetralin  (8-OH-DPAT) 

Drug  that  stimulates  5-HT1A  receptors.  Effects  include 
increased  appetite,  reduced  anxiety,  reduced  alcohol  crav- 
ings, and  a lower  body  temperature. 

6-hydroxydopamine  (6-OHDA)  Neurotoxin  similar  in 
structure  to  DA  that  damages  catecholaminergic  nerve  ter- 
minals and  is  used  to  study  catecholamine  pathways. 

5-hydroxyindoleacetic  acid  (5-HIAA)  Major  metabolite  of 
5-HT  that  is  produced  by  the  action  of  MAO. 

5-hydroxytryptamine  (5-HT)  Neurotransmitter  present  in 
the  central  and  peripheral  nervous  system  and  synthesized 
by  the  serotonergic  neurons.  Also  known  as  serotonin. 

5-hydroxytryptophan  (5-HTP)  Intermediate  formed  in  the 
synthesis  of  5-HT. 

hyperalgesia  Condition  characterized  by  an  increased  sen- 
sitivity to  pain. 

hyperphagia  Condition  characterized  by  overeating.  It  is 
one  of  the  effects  of  5-HT1A  reception  stimulation. 

hyperpolarization  Act  of  making  the  inside  of  a cell  more 
negative  relative  to  the  resting  potential,  reducing  the  likeli- 
hood that  the  cell  will  fire  an  action  potential. 

hypnotics  Drugs,  such  as  benzodiazepines,  that  help  a 
patient  to  fall  asleep  and  stay  asleep. 

hypothalamic-releasing  hormones  Neuropeptide  hor- 
mones synthesized  by  neurons  of  the  hypothalamus  and 
carried  by  blood  vessels  to  the  anterior  pituitary,  where  they 
control  the  release  of  many  of  the  pituitary  hormones. 

hypothalamus  Structure  of  the  diencephalon  located  at  the 
base  of  the  brain,  ventral  to  the  thalamus.  It  provides  many 
functions  important  for  survival,  including  the  maintenance 
of  body  temperature  and  salt  balance,  regulation  of  hunger 
and  thirst,  and  modulation  of  emotional  responses. 

hypothermia  Condition  characterized  by  a lowering  of  the 
overall  body  temperature.  It  is  one  of  the  effects  of  5-HT1A 
receptor  stimulation. 

I 

1 92  IgG-saporin  Neurotoxin  containing  the  monoclonal 
antibody  192  IgG,  which  binds  to  cholinergic  neurons  in  the 
forebrain,  and  the  cellular  toxin  saporin.  It  is  used  to  selec- 
tively kill  cholinergic  neurons. 

immunocytochemistry  (ICC)  Technique  that  uses  antibod- 
ies to  determine  the  brain  areas  or  neurons  that  contain  a 
specific  antigen  such  as  a protein,  neuropeptide,  or  neuro- 
transmitter. 

incentive  salience  Psychological  process  by  which  drug- 
related  stimuli  gain  increased  prominence  and  attractive- 
ness. It  is  an  important  component  of  the  incentive-sensiti- 
zation model  of  addiction. 

incentive-sensitization  model  Model  of  addiction  based 
on  the  theory  that  repeated  drug  use  leads  to  an  increase  in 
“wanting”  the  drug  (i.e.,  craving)  but  no  increase  in  drug 
“liking”  (reward  or  euphoria)  because  only  the  neural  sys- 
tem underlying  drug  “wanting”  becomes  sensitized. 


indoleamines  Indole  derivatives  containing  an  amine 
group.  They  include  serotonin  and  the  hallucinogens  LSD, 
psilocybin,  psilocin,  DMT,  and  5-MeO-DMT. 
induction  1 . Increase  in  liver  enzymes  specific  for  drug 

metabolism  in  response  to  repeated  drug  use.  2.  Process  that 
establishes  psychostimulant  sensitization  by  activating  glu- 
tamate NMDA  receptors  and,  in  some  cases,  D2  receptors, 
induction  phase  Phase  of  LTP,  during  and  immediately 
after  a tetanic  stimulation  is  given,  which  requires  activation 
of  NMDA  receptors. 

inferior  Located  toward  the  underside  of  the  brain  in 
humans. 

inhalants  Group  of  volatile  substances,  such  as  glue,  that 
may  be  abused  as  a drug  by  inhaling  the  fumes, 
inhalation  Method  that  involves  administration  of  a drug 
through  the  lungs. 

inhibitory  postsynaptic  potentials  (IPSPs)  Hyperpolariz- 
ing  responses  of  a postsynaptic  cell  that  result  from  neuro- 
transmitters binding  to  specific  receptors  on  the  cell  and 
that  decrease  the  likelihood  of  the  cell  firing  an  action 
potential. 

in  situ  hybridization  (ISH)  Technique  used  to  locate  cells 
that  manufacture  a specific  protein  or  peptide  by  detecting 
the  specific  mRNA  sequence  coding  for  that  substance.  It 
can  also  be  used  to  study  changes  in  regional  mRNA  levels 
(i.e.,  gene  expression). 

insulin  Polypeptide  hormone  that  is  secreted  by  the  islets  of 
Langerhans  and,  along  with  glucagon,  regulates  glucose  and 
metabolic  energy  sources  in  the  body.  It  regulates  glucose 
uptake  from  the  bloodstream  into  tissues  and  stimulates  the 
uptake  of  certain  amino  acids. 

integration  Process  whereby  several  small  depolarizations 
or  hyperpolarizations  will  add  together  to  create  one  large 
change  in  membrane  potential.  Similarly,  simultaneous 
depolarizations  and  hyperpolarizations  will  cancel  each 
other  out. 

intercellular  clefts  Small  gaps  between  adjacent  cells, 
interneurons  Nerve  cells  in  the  CNS  that  possess  short 
axons  and  mediate  local  information  transmission, 
intracellular  recording  Method  of  taking  measurements  of 
cell  firing  by  inserting  a fine-tipped  electrode  into  the  cell, 
intracerebroventricular  Method  that  involves  administra- 
tion of  a drug  into  the  cerebrospinal  fluid  of  the  ventricles, 
intracranial  Method  that  involves  administration  of  a drug 
into  the  brain  tissue. 

intramuscular  Method  that  involves  administration  of  a 
drug  into  a muscle. 

intravenous  Method  that  involves  administration  of  a drug 
directly  into  the  bloodstream  by  means  of  a vein, 
inverse  agonist  Substance  that  activates  a receptor  but  pro- 
duces the  opposite  effect  of  a typical  agonist  at  that  receptor, 
in  vivo  voltammetry  Technique  used  to  measure  neuro- 
transmitter release  in  the  brain  of  an  awake,  freely  moving 
animal  by  using  a microelectrode  to  measure  electrochemi- 
cal responses  to  an  applied  electrical  signal. 
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ion  channels  Proteins  that  traverse  the  cell  membrane  and 
possess  a water-filled  pore,  regulating  ion  movement  into 
and  out  of  the  cell. 

ionization  Condition  involving  the  dissociation  of  a mole- 
cule into  ions. 

ionotropic  receptor  Fast  acting  receptor  type  comprised  of 
several  subunits  that  come  together  in  the  cell  membrane. 
The  receptor  has  an  ion  channel  at  its  center,  which  is  regu- 
lated by  neurotransmitters  binding  to  specific  sites  on  the 
receptor  causing  the  channel  to  open.  It  may  also  be  called  a 
ligand-gated  channel  receptor. 

ipsapirone  Drug  that  stimulates  5-HT1A  receptors.  Some  of 
its  effects  include ‘increased  appetite,  reduced  anxiety, 
reduced  alcohol  cravings,  and  a lower  body  temperature, 
ischemia  Condition  characterized  by  an  interruption  of 
blood  flow  to  the  brain. 

islets  of  Langerhans  Endocrine  gland  in  the  pancreas  that 
secretes  insulin  and  glucagons, 
isoproterenol  An  agonist  at  (J-adrenergic  receptors. 

K 

kainate  receptor  An  ionotropic  glutamate  receptor  selective 
for  the  agonist  kainic  acid. 

K-receptor  An  opioid  receptor  located  in  the  striatum, 
amygdala,  hypothalamus,  and  pituitary  gland  that  may  help 
regulate  pain,  perception,  gut  motility,  dysphoria,  water  bal- 
ance, hunger,  temperature,  and  neuroendocrine  function, 
ketamine  Drug  that  binds  to  the  PCP  site  and  acts  as  a non- 
competitive antagonist  of  the  NMDA  receptor.  It  is  a disso- 
ciative anesthetic  used  in  both  human  and  veterinary  medi- 
cine, and  it  is  also  used  recreationally. 
ketanserin  Drug  that  inhibits  5-HT2A  receptors, 
knockout  mice  Mice  that  are  homozygous  for  the  targeted 
deletion  of  a specific  gene.  They  are  used  to  study  the  nor- 
mal function  of  that  gene  as  well  as  the  involvement  of  the 
gene  in  behavioral  and  physiological  responses  to  various 
psychoactive  drugs. 

L 

LAAM  (Orlamm)  Abbreviation  for  L-a-acetylmethadol. 
LAAM  is  an  opioid  agonist  that  may  be  substituted  for 
methadone  and  has  similar  therapeutic  results. 

L-AP4  (L-2-amino-4-phosphonobutyrate)  Synthetic  amino 
acid  that  is  an  agonist  selective  for  glutamate  autoreceptors, 
lateral  Located  to  either  side  of  the  body, 
lateral  geniculate  nucleus  (LGN)  Portion  of  the  thalamus 
that  receives  visual  information,  integrates  and  processes  the 
signals,  and  sends  them  to  the  visual  cortex, 
law  of  thirds  Observation  that  schizophrenic  patients’ 
response  to  antipsychotic  drugs  falls  into  one  of  three  cate- 
gories in  approximately  a 1:1:1  ratio:  The  patient  may  show 
minor  symptoms  and  lead  a relatively  normal  life,  the 
patient  may  show  mild  symptoms  and  live  a slightly  debili- 
tated life,  or  the  patient  may  show  major  symptoms  and 
need  constant  help  in  daily  life. 
l-DOPA  Precursor  necessary  for  the  synthesis  of  DA.  L- 
DOPA  is  formed  by  the  addition  of  a hydroxyl  group  to 


tyrosine  by  the  enzyme  TH.  It  is  used  to  treat  Parkinson’s 
disease  by  increasing  DA  formation, 
learned  helplessness  Condition  seen  in  humans  and  ani- 
mals who  have  had  a negative  experience  that  they  could  not 
control.  Subsequent  negative  stimuli  that  could  be  avoided 
are  not,  since  the  subjects  now  believe  they  have  no  control 
over  their  environment. 

lesioning  Process  whereby  brain  cells  are  destroyed  using  an 
electrode  to  administer  a high  radio  frequency  current, 
ligand  Molecule  that  selectively  binds  to  a receptor, 
ligand-gated  channel  Type  of  ion  channel  that  is  regulated 
by  an  active  ligand  binding  to  a receptor  site  associated  with 
the  channel. 

ligand-gated  channel  receptor  See  ionotropic  receptor. 
light-dark  crossing  task  Test  used  to  determine  a rodent’s 
level  of  anxiety  by  placing  it  in  a two-compartment  box,  one 
side  lit  and  the  other  side  dark,  and  measuring  the  number 
of  crossings  between  each  side. 

limbic  cortex  Part  of  the  limbic  system  located  on  the  medi- 
al and  interior  surface  of  the  cerebral  hemispheres.  The  lim- 
bic cortex  includes  the  cingulate, 
limbic  system  Neural  network  that  integrates  emotional 
responses  and  regulates  behavior  and  learning.  Some  major 
structures  include  the  limbic  cortex,  amygdala,  nucleus 
accumbens,  and  hippocampus. 

linkage  study  Method  used  to  locate  genes  responsible  for  a 
disorder,  such  as  alcoholism  or  schizophrenia,  by  comparing 
similarities  in  the  genetic  loci  of  families  with  affected  mem- 
bers. 

lipids  Fatty  molecules  in  the  body.  Lipids  are  a major  com- 
ponent of  cell  membranes,  and  some  of  them  also  act  as 
neurotransmitters. 

lithium  carbonate  Drug  that  stabilizes  moods,  preventing 
episodes  of  mania  and  depression,  in  people  with  bipolar 
disorder. 

local  anesthetics  Drugs  that  block  voltage-gated  Na+  chan- 
nels in  the  axonal  membrane.  When  applied  to  sensory 
nerves,  they  prevent  pain  signals  from  reaching  the  brain, 
local  potentials  Small  localized  changes  in  voltage  across 
the  cell  membrane. 

locus  The  location  of  a gene  on  a chromosome.  The  plural 
form  is  loci. 

locus  coeruleus  (LC)  Collection  of  noradrenergic  neurons 
in  the  reticular  formation  of  the  pons  that  supplies  most  of 
the  NE  to  the  cortex,  limbic  system,  thalamus,  and  hypothal- 
amus. These  cells  cause  arousal  and  increased  attention 
when  active. 

long-acting  drugs  Drugs  that  have  low  lipid  solubility,  tak- 
ing more  than  an  hour  to  reach  the  brain.  Slow  metabolism 
allows  for  prolonged  effects  that  persist  for  many  hours, 
long-term  potentiation  (LTP)  Phenomenon  whereby 
synaptic  connections  are  strengthened  for  a period  of  at 
least  an  hour.  It  requires  activation  of  NMDA  receptors  for 
its  induction  and  AMPA  receptors  for  its  expression. 
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loss  of  control  Point  at  which  a vulnerable  persons  con- 
sumption of  a substance  will  lead  to  uncontrolled  use  and 
intoxication. 

luteinizing  hormone  (LH)  Hormone  secreted  by  the  anteri- 
or pituitary  that  helps  control  gonad  growth  and  function, 
and  increases  estrogen  and  androgen  secretion, 
lysergic  acid  Core  structural  unit  of  all  ergot  alkaloids, 
lysergic  acid  diethylamide  (LSD)  Hallucinogenic  drug  that 
is  synthesized  from  lysergic  acid  and  based  on  alkaloids 
found  in  ergot  fungus.  It  is  thought  to  produce  its  effects 
mainly  by  stimulating  5-HT2A  receptors  in  the  brain, 
lysis  Bursting  of  a cell. 

M 

macroelectrode  Device  used  to  electrically  stimulate  or 
record  thousands  of  neurons  in  a specific  brain  region, 
magnetic  resonance  imaging  (MRI)  Technique  used  to 
form  a three-dimensional  image  of  an  organ  such  as  the 
brain  by  taking  computerized  measurements  of  the  signals 
emitted  by  atoms  in  the  tissue  as  they  are  exposed  to  a 
strong  magnetic  field  and  activated  by  radio-frequency 
waves. 

major  depression  Type  of  affective  disorder  characterized 
by  extreme  recurring  episodes  of  dysphoria  and  negative 
thinking  that  are  reflected  in  behavior, 
mammillary  body  One  of  the  termination  areas  of  the 
fornix.  The  mammillary  bodies  receive  fibers  from  the  hip- 
pocampus. 

MAO  inhibitors  (MAOIs)  Class  of  drugs  that  inhibit 
monoamine  oxidase  (MAO),  thereby  causing  an  accumula- 
tion of  catecholamines  and  serotonin  in  the  brain.  They  are 
often  used  to  treat  clinical  depression, 
maternal  separation  Technique  used  to  test  the  importance 
of  stress  as  a factor  in  the  development  of  depression  by  sep- 
arating week-old  animals  from  their  mothers  for  brief  peri- 
ods daily. 

mecamylamine  Drug  that  is  an  antagonist  for  nicotinic 
receptors. 

medial  Located  near  the  center  or  midline  of  the  body, 
median  eminence  Area  in  the  hypothalamus  that  is  not  iso- 
lated from  chemicals  in  the  blood  and  where  hypothalamic- 
releasing  hormones  are  secreted  for  transport  to  the  anterior 
pituitary  gland. 

median  raphe  nucleus  Structure  located  in  the  area  of  the 
caudal  midbrain  and  rostral  pons  that  contains  a large  num- 
ber of  serotonergic  neurons.  In  conjunction  with  the  dorsal 
raphe  nucleus,  it  is  responsible  for  most  of  the  serotonergic 
fibers  in  the  forebrain.  Together  they  regulate  sleep,  aggres- 
sion, impulsiveness,  and  emotions, 
medical  model  See  disease  model. 

medulla  Structure  located  in  the  caudal  brain  stem  respon- 
sible for  regulating  heart  rate,  digestion,  respiration,  blood 
pressure,  coughing,  and  vomiting, 
melatonin  Hormone  that  regulates  rhythmic  functions  in 
the  body.  It  is  secreted  by  the  pineal  gland. 


meninges  Layers  of  tissue  located  between  the  bones  of  the 
skull  and  vertebrae  and  the  tissue  of  the  brain  and  spinal 
cord.  They  serve  a protective  function. 
3-mercaptopropionic  acid  Drug  that  blocks  GABA  synthe- 
sis, inducing  convulsions. 

mescal  button  Crown  of  the  peyote  cactus,  Lophophora 
williamsii , which  can  be  dried  and  ingested  to  obtain  the 
hallucinogenic  drug  mescaline, 
mescaline  Hallucinogenic  drug  produced  by  several  cacti 
species,  especially  that  of  the  peyote  cactus,  Lophophora 
williamsii. 

mesocortical  dopamine  pathway  Group  of  dopaminergic 
axons  that  originates  in  the  VTA  and  travels  to  the  cerebral 
cortex,  including  the  prefrontal,  cingulated,  and  entorhinal 
cortices.  It  may  also  be  called  the  mesocortical  tract, 
mesolimbic  dopamine  pathway  Group  of  dopaminergic 
axons  that  originates  in  the  VTA  and  travels  to  structures  of 
the  limbic  system,  including  the  nucleus  accumbens,  sep- 
tum, amygdala,  and  hippocampus.  It  may  also  be  called  the 
mesolimbic  tract. 

metabolic  tolerance  Type  of  tolerance  to  a drug  that  is 
characterized  by  a reduced  amount  of  drug  available  at  the 
target  tissue,  often  as  a result  of  more-rapid  drug  metabo- 
lism. It  is  sometimes  also  called  drug  disposition  tolerance, 
metabolites  Byproducts  of  biochemical  pathways,  such  as 
those  involved  in  neurotransmitter  or  drug  inactivation, 
metabotropic  receptors  Slow-acting  receptor  type  com- 
posed of  a single  large  protein  in  the  cell  membrane  that 
activates  G proteins.  It  may  also  be  called  a G protein-cou- 
pled receptor. 

methadone  A long-acting  opiate  drug  that  may  be  substi- 
tuted for  other  opiates  in  order  to  prevent  withdrawal  symp- 
toms. 

methadone  maintenance  program  Treatment  for  heroin 
addicts  that  involves  the  substitution  of  heroin  with 
methadone  to  prevent  withdrawal  symptoms  and  avoid  a 
relapse. 

methamphetamine  Psychostimulant  that  acts  by  increasing 
catecholamine  release  from  nerve  terminals.  It  can  also 
cause  neurotoxicity  at  high  doses, 
methoxsalen  Drug  that  inhibits  metabolism  of  nicotine  by 
the  liver. 

5-methoxy-dimethyltryptamine  (5-MeO-DMT)  Hallu- 
cinogenic drug  found  in  certain  South  American  plants.  Its 
street  name  is  “foxy”  or  “foxy  methoxy.” 
3-methoxy-4-hydroxy-phenylglycol  (MHPG)  A metabolite 
of  NE,  formed  primarily  as  a result  of  NE  breakdown  in  the 
brain. 

3,4-methylenedioxymethamphetamine  (MDMA)  Drug 
similar  in  structure  to  amphetamine  that  stimulates  5-HT 
release  and  is  neurotoxic  at  high  doses.  It  is  a recreational 
drug  that  is  often  abused. 

metoprolol  Drug  that  selectively  blocks  the  p1  -receptor, 
limiting  contraction  of  the  heart  muscles.  It  is  useful  for 
treating  hypertension. 
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mGluRI  -mGluR8  Eight  metabotropic  glutamate  receptors 
of  the  nervous  system.  They  can  inhibit  cyclic  adenosine 
monophosphate  synthesis,  activate  the  phosphoinositide 
second- messenger  system,  or  inhibit  glutamate  release  into 
the  synaptic  cleft. 

microdialysis  Technique  used  to  measure  neurotransmitter 
release  in  the  brain  of  an  awake,  freely  moving  animal  by 
collecting  samples  of  extracellular  fluid  and  then  analyzing 
the  samples  biochemically  using  sensitive  methods  such  as 
HPLC. 

microelectrode  Device  used  to  electrically  stimulate  or 
record  the  response  of  a single  cell, 
microglia  Small  rtonneuronal  cells  in  the  CNS  that  collect  at 
points  of  cell  damage  or  inflammation  and  demonstrate 
phagocytic  behavior. 

microsomal  enzymes  Enzymes  in  liver  cells  responsible  for 
metabolizing  exogenous  substances  such  as  drugs, 
microtubules  Tubular  structures  composed  of  proteins  that 
form  both  a structural  scaffold  and  a stationary  track  in  the 
cytoplasm  of  cells,  suitable  for  movement  of  materials  along 
its  length. 

midsagittal  Section  taken  of  the  brain  that  divides  it  into 
left  and  right  symmetrical  pieces, 
mitochondrion  Organelle  of  the  cell  that  produces  energy, 
in  the  form  of  ATP,  from  glucose.  The  plural  form  is  mito- 
chondria. 

mixed  agonist-antagonist  Drug  that  acts  as  an  agonist  to 
some  receptors,  but  an  antagonist  to  others.  Some  opioid 
drugs  have  this  property. 

mixed  nerves  Collection  of  spinal  nerves  that  consists  of 
axons  from  both  sensory  and  motor  neurons. 

MK-801  (dizocilpine)  Drug  that  binds  to  the  PCP  site  and 
acts  as  a noncompetitive  antagonist  of  the  NMDA  receptor, 
monoamine  Refers  to  a compound  or  transmitter  that  con- 
tains a single  amine  group. 

monoamine  hypothesis  Theory  that  a reduced  level  of 
monoamines  in  the  CNS  will  cause  depressed  moods, 
including  clinical  depression. 

monoamine  oxidase  (MAO)  Enzyme  responsible  for  meta- 
bolic breakdown  of  catecholamines  and  serotonin, 
moral  model  Model  of  addiction  that  treats  addiction  as  a 
personal  and  moral  problem. 

Morris  water  maze  Maze  type  that  involves  repeatedly  plac- 
ing the  animal  in  a pool  of  opaque  water  and  testing  its  abil- 
ity to  use  visual  cues  from  outside  the  pool  to  find  the 
escape  platform.  It  is  used  to  test  spatial  learning, 
motor  efferents  Nerve  fibers  originating  at  the  ventral  horn 
of  the  spinal  cord  and  traveling  to  the  skeletal  muscles,  con- 
trolling voluntary  movements, 
motor  neurons  Nerve  cells  that  transmit  electrical  signals 
from  the  CNS  to  muscles. 

multidimensional  approach  Treatment  that  involves  a 
combination  of  methods  to  prevent  relapse,  including 
detoxification,  pharmacological  support,  and  counseling. 


multiple  T-maze  Maze  type  that  contains  many  alleys  end- 
ing in  a “T”  shape,  which  gives  the  animal  two  possible 
directions  at  each  choice  point. 

p-receptor  A subtype  of  opioid  receptor  located  in  the  brain 
and  spinal  cord  that  has  a high  affinity  for  morphine  and 
certain  other  opiate  drugs. 

muscarine  Alkaloid  that  stimulates  muscarinic  cholinergic 
receptors.  It  was  first  extracted  from  the  fly  agaric  mush- 
room, Amanita  muscaria. 

muscarinic  receptors  Family  of  metabotropic  cholinergic 
receptors  that  are  selectively  stimulated  by  muscarine. 

muscimol  Drug  found  in  the  mushroom  Amanita  muscaria 
that  is  an  agonist  for  the  GABA^  receptor. 

muscle  relaxants  Drugs,  such  as  benzodiazepines,  that 
reduce  tension  in  a patient. 

myasthenia  gravis  Neuromuscular  disorder  involving  an 
attack  on  the  muscle  cholinergic  receptors  by  one’s  own 
immune  system. 

myelin  A fatty  insulating  sheath  surrounding  many  axons 
that  increases  the  speed  of  nerve  conduction.  It  is  produced 
by  oligodendrocytes  in  the  CNS  and  by  Schwann  cells  in  the 
peripheral  nervous  system. 

N 

nabilone  Drug  that  is  an  analog  of  THC,  sold  under  the 
trade  name  Cesamet,  used  to  treat  nausea  in  chemotherapy 
patients. 

Na+-K+  pump  Protein  pump  that  helps  to  maintain  the  rest- 
ing membrane  potential  by  removing  Na+  from  inside  the 
cell.  Three  Na+  ions  are  exchanged  for  two  K+  ions,  main- 
taining a negative  charge  inside  the  cell. 

narcolepsy  Sleep  disorder  characterized  by  repeated  bouts 
of  extreme  sleepiness  during  the  daytime.  Symptoms 
include  sudden  cataplexy,  sleep  paralysis,  and  dream-like 
hallucinations. 

narcotic  analgesics  Class  of  drugs  that  reduce  pain  but  do 
not  cause  unconsciousness.  They  create  a feeling  of  relax- 
ation and  sleep  in  an  individual,  but  in  high  doses  can  cause 
coma  or  death. 

NBQX  Antagonist  that  blocks  both  AMPA  and  kainate  recep- 
tors, but  has  no  effect  on  NMDA  receptors. 

necrosis  Cell  death  resulting  from  exposure  to  a chemical 
agent  (such  as  glutamate),  disease,  or  other  injury.  It  differs 
in  several  important  ways  from  apoptosis  (programmed  cell 
death). 

negative  symptoms  Characteristics  of  schizophrenia  that 
are  observed  as  a decline  in  normal  function,  such  as 
reduced  speech,  loss  of  motivation,  social  withdrawal,  and 
intellectual  impairment. 

neostigmine  (Prostigmin)  Synthetic  analog  of  the  drug 
physostigmine  that  cannot  cross  the  blood-brain  barrier.  It 
is  used  to  treat  myasthenia  gravis  due  to  its  ability  to  block 
AChE  activity  in  muscle  tissue. 

nerve  growth  factor  (NGF)  Protein  that  stimulates  growth 
and  development  of  specific  neurons  in  the  central  and 
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peripheral  nervous  system.  It  was  the  first  neurotrophic  fac- 
tor to  be  discovered. 

NE  transporter  Protein  in  the  membrane  of  noradrenergic 
neurons  that  is  responsible  for  NE  reuptake  from  the  synap- 
tic cleft. 

neural  network  Interacting  circuit  of  neurons  that  processes 
and  transmits  signals  over  a large  part  of  the  brain. 

neuraxis  Imposed  line  through  the  body  that  starts  at  the 
base  of  the  spinal  cord  and  ends  at  the  front  of  the  brain. 

neuroadaptation  Changes  in  brain  functioning  that 
attempt  to  compensate  for  the  effects  of  repeated  substance 
use. 

neurodevelopmental  model  of  schizophrenia  Theory 
that  altered  dopaminergic  function  and  loss  of  nerve  cells 
over  the  course  of  development  result  in  the  symptoms 
observed  in  schizophrenics. 

neurofilaments  Tubular  structures  that  are  composed  of 
proteins  and  form  a scaffold  in  the  cytoplasm  of  neurons. 

neuroleptic  malignant  syndrome  (NAZIS)  Undesired 
response  to  antipsychotic  drugs  characterized  by  fever,  insta- 
bility of  the  autonomic  nervous  system,  rigidity,  and  altered 
consciousness. 

neuromodulators  Chemicals  that  don’t  follow  the  typical 
neurotransmitter  model.  They  may  regulate  neurotransmit- 
ter activity  or  act  at  distant  sites  from  their  point  of  release. 

neuromuscular  junction  Connection  point  between  neu- 
rons and  muscle  cells.  It  has  some  of  the  characteristics  of  a 
synapse. 

neurons  Nerve  cells  that  form  the  brain,  spinal  cord,  and 
nerves  and  that  transmit  electrical  signals  throughout  the 
body. 

neuropeptides  Small  proteins  (3  to  40  amino  acids  long)  in 
the  nervous  system  that  act  as  neurotransmitters. 

neuropharmacology  Area  of  pharmacology  specializing  in 
drug-induced  changes  to  the  function  of  cells  in  the  nervous 
system. 

neuropsychopharmacology  Area  of  pharmacology  focus- 
ing on  chemical  substances  that  interact  with  the  nervous 
system  to  restore  behavior  disturbed  by  injury,  disease,  or 
environmental  factors. 

neurosteroids  Family  of  substances  that  are  synthesized  in 
the  brain  from  cholesterol  and  that  have  a steroid  structure. 
They  act  as  local  signaling  agents. 

neurotoxin  Chemical  that  damages  or  kills  nerve  cells. 

neurotransmitter  Chemical  substance  released  by  a neuron 
to  communicate  with  another  cell,  which  may  be  a different 
neuron,  a muscle  cell,  or  a hormone-producing  cell  in  an 
endocrine  gland. 

neurotrophic  factors  Proteins  that  encourage  the  growth, 
development,  and  survival  of  neurons.  They  are  also 
involved  in  neuronal  signaling. 

neurotrophic  hypothesis  Theory  that  low  BDNF  levels  are 
responsible  for  a loss  of  dendritic  branches  and  spines  in 
certain  neurons  of  depressed  patients,  and  that  antidepres- 


sants are  effective  because  they  prevent  or  reverse  this 
decrease. 

neurotrophin-3  (NT-3)  Protein  dimer  of  the  nervous  system 
that  stimulates  early  neuronal  differentiation,  growth,  and 
survival. 

neurotrophin-4  (NT-4)  Protein  of  the  nervous  system  that 
stimulates  early  neuron  differentiation,  growth  and  survival. 

nicotine  Alkaloid  that  is  a behavioral  stimulant.  It  is  found 
in  the  tobacco  plant. 

nicotine  replacement  Method  to  stop  smoking  that 
involves  giving  the  smoker  a safer  nicotine  source,  thereby 
maintaining  a level  of  nicotine  in  the  body  and  reducing 
nicotine  withdrawal  symptoms. 

nicotine  resource  model  Theory  that  smoking  is  main- 
tained due  to  positive  effects  of  nicotine  such  as  increased 
concentration  and  greater  mood  control. 

nicotinic  cholinergic  receptors  (nAChRs)  Family  of 
ionotropic  receptors  that  are  activated  by  ACh  and  selective- 
ly stimulated  by  nicotine.  They  may  also  be  called  nicotinic 
receptors. 

nigrostriatal  tract  Dopaminergic  nerve  tract  originating  at 
the  substantia  nigra  and  terminating  in  the  stratum.  It  is 
important  for  regulation  of  movement  and  is  severely  dam- 
aged in  Parkinson’s  disease. 

nitric  oxide  (NO)  Gas  that  acts  as  a signaling  molecule  in  the 
brain.  Unlike  typical  neurotransmitters,  it  is  not  stored  or 
released  from  synaptic  vesicles.  It  may  function  as  a retro- 
grade messenger  in  LTP. 

nitric  oxide  synthase  (NOS)  Enzyme  that  catalyzes  the  for- 
mation of  NO  from  arginine. 

nitrites  Class  of  inhalants  that  are  characterized  by  the  pres- 
ence of  an  N02  group  and  that  heighten  sexual  arousal  and 
pleasure. 

NAZI  DA  receptor  Ionotropic  glutamate  receptor  selective  for 
the  agonist  NMDA. 

nodes  of  Ranvier  Gaps  in  the  myelin  sheath  that  expose  the 
axon  to  the  extracellular  fluid. 

noncompetitive  antagonist  Drug  that  reduces  the  effect  of 
an  agonist,  but  does  not  compete  at  the  receptor  site.  The 
drug  may  bind  to  an  inactive  portion  of  the  receptor,  disturb 
the  cell  membrane  around  the  receptor,  or  interrupt  the 
intercellular  processes  initiated  by  the  agonist-receptor  asso- 
ciation. 

nondecremental  Term  used  to  describe  a potential  or 
process  that  does  not  decay. 

nonspecific  actions  Characteristic  actions  of  a drug  as  a 
result  of  general  environmental  changes  in  the  body,  which 
indirectly  affect  body  functions. 

nonspecific  drug  effects  Physical  or  behavioral  changes  not 
associated  with  the  chemical  activity  of  the  drug-receptor 
interaction. 

noradrenergic  Adjectival  form  of  noradrenaline  (norepi- 
nephrine). 

norepinephrine  (NE)  Neurotransmitter  related  to  DA  that 
belongs  to  a group  called  catecholamines.  It  also  functions 
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as  a hormone  secreted  by  the  chromaffin  cells  of  the  adrenal 
medulla.  Also  known  as  noradrenaline. 

nuclei  Localized  cluster  of  nerve  cell  bodies  in  the  brain  or 
spinal  cord. 

nucleus  accumbens  Structure  of  the  limbic  system  that 
helps  to  modulate  emotional  behavior  and  also  plays  an 
important  role  in  the  rewarding  and  reinforcing  effects  of 
many  abused  drugs. 

O 

obsessions  Worrying  thoughts  or  ideas  that  an  individual 
cannot  easily  ignore. 

obsessive-compulsive  disorder  (OCD)  Psychiatric  disor- 
der characterized  by  persistent  thoughts  of  contamination, 
violence,  sex,  or  religion  that  the  individual  cannot  easily 
ignore,  and  that  cause  the  individual  anxiety,  guilt,  and 
shame. 

occipital  lobe  One  of  four  lobes  of  the  cerebral  cortex.  It 
contains  the  primary  visual  cortex  and  helps  integrate  visual 
information. 

oligodendroglia  Glial  cells  that  myelinate  nerve  axons  of 
the  CNS.  Also  known  as  oligodendrocytes. 

open  field  test  Technique  used  to  measure  locomotor  activ- 
ity and  exploratory  behavior  by  placing  the  animal  on  a grid 
and  recording  the  number  of  squares  traversed  in  a unit  of 
time. 

operant  analgesia  testing  Technique  used  to  test  the  power 
of  an  analgesic  by  training  an  animal  to  associate  the  per- 
formance of  a specific  behavior  with  the  termination  of  a 
negative  stimulus  (e.g.,  an  electric  shock)  and  measuring  its 
propensity  to  perform  the  task  after  given  a drug  dose. 

operant  conditioning  Type  of  learning  characterized  by 
rewarding  an  organism  for  performing  the  desired  response. 
It  may  also  describe  the  apparent  tolerance  for  a drug  as  a 
result  of  learning  how  to  function  while  under  the  influence 
of  the  drug. 

opponent-process  model  Model  of  addiction  in  which  the 
initial  positive  response  to  a drug  is  followed  by  an  opposing 
withdrawal  response  as  the  drug  wears  off. 

oral  Method  that  involves  administering  a drug  through  the 
mouth. 

orphan  receptor  Receptor  that  is  not  activated  by  any 
known  neurotransmitter. 

orphenadrine  (Norflex)  Anticholinergic  drug  used  to  treat 
early  symptoms  of  Parkinsons  disease. 

osmotic  minipump  Device  placed  just  under  the  skin  of  an 
animal  that  allows  a drug  to  be  administered  continuously 
over  a set  period  of  time. 

ovaries  Female-specific  gonads  that  secrete  the  sex  hor- 
mones estrogen  and  progesterone. 

oxytocin  Peptide  hormone  secreted  by  the  posterior  pitu- 
itary that  induces  uterine  contractions  during  childbirth  and 
milk  letdown  during  lactation. 

P 

panic  attack  Feeling  of  extreme  fear  that  was  not  preceded 
by  a threatening  stimulus. 


panic  disorder  Disease  involving  repeated  attacks  of 
extreme  fear,  occurring  either  without  warning  or  in  an 
environment  similar  to  previous  attacks, 
para-chloroamphetamine  Drug  similar  in  structure  to 
amphetamine  that  stimulates  5-HT  release.  It  is  also  neuro- 
toxic at  high  doses. 

para-chlorophenylalanine  (PCPA)  Drug  that  irreversibly 
inhibits  tryptophan  hydroxylase,  blocking  5-HT  synthesis, 
paranoid  schizophrenia  Subtype  of  schizophrenia  distin- 
guished by  delusions  of  greatness  or  persecution, 
parasympathetic  Division  of  the  autonomic  nervous  sys- 
tem responsible  for  conserving  energy,  digestion,  glucose 
and  nutrient  storage,  slowing  the  heart  rate,  and  decreasing 
respiration. 

parasympatholytic  agents  Drugs  that  block  muscarinic 
receptors,  inhibiting  the  parasympathetic  system.  They  are 
deadly  at  high  doses,  but  at  low  doses  they  are  used  medici- 
nally to  dilate  pupils,  relax  airways,  counteract  cholinergic 
agonists,  and  induce  drowsiness, 
parasympathomimetic  agents  Drugs  that  stimulate  the 
muscarinic  receptors,  mimicking  the  effects  of  parasympa- 
thetic activation.  Symptoms  can  include  lacrimation,  saliva- 
tion, sweating,  pinpoint  pupils,  severe  abdominal  pain,  con- 
traction of  the  smooth  muscles  of  the  viscera,  and  diarrhea, 
parietal  lobe  One  of  four  lobes  of  the  cerebral  cortex.  It 
contains  the  primary  somatosensory  cortex  and  helps  inte- 
grate information  about  body  senses. 

Parkinsonian  symptoms  Undesired  response  to  antipsy- 
chotic drugs  that  resembles  Parkinson’s  disease,  including 
tremors,  akinesia,  muscle  rigidity,  akathesia,  and  lack  of 
mood  expression. 

partial  agonists  Drugs  that  bind  to  a receptor  but  have  low 
efficacy,  producing  weaker  biological  effects  than  a full  ago- 
nist. 

passive  diffusion  Phenomenon  in  which  a substance,  usual- 
ly lipid-soluble,  moves  through  the  cell  membrane  without 
assistance  by  active  transport. 

patch  clamp  electrophysiology  Technique  used  to  meas- 
ure the  function  of  a single  ion  channel  by  using  a 
micropipette  to  isolate  the  ion  channel  and  obtain  an  elec- 
trical recording. 

Pavlovian  Reflexive  and  unconscious  response  to  a stimulus. 
PCP-induced  psychosis  Schizophrenia-like  behavior 
observed  in  individuals  who  take  high  doses  of  PCP. 
pentylenetetrazol  (Metrazol)  Convulsant  drug  that  acts  by 
blocking  the  function  of  GABAa  receptors, 
periaqueductal  gray  (PAG)  Structure  of  the  tegmentum 
located  around  the  cerebral  aqueduct  and  connecting  the 
third  and  fourth  ventricles.  It  is  important  for  regulating 
pain;  stimulation  produces  an  analgesic  effect, 
peyote  button  Crown  of  the  peyote  cactus,  Lophophora 
williamsii , that  can  be  dried  and  ingested  to  obtain  the  hal- 
lucinogenic drug  mescaline. 

peyote  cactus  Species  of  cactus,  Lophophora  williamsii , that 
produces  mescaline. 
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pharmacodynamics  Study  of  physiological  and  biochemi- 
cal interactions  of  a drug  with  the  target  tissue  responsible 
for  the  drug’s  effects. 

pharmacodynamic  tolerance  Type  of  tolerance  formed  by 
changes  in  nerve  cell  functions  in  response  to  the  continued 
presence  of  a drug.  Also  known  as  cellular  tolerance, 
pharmacokinetic  Factors  that  contribute  to  the  administra- 
tion, absorption,  distribution,  binding,  inactivation,  and 
excretion  of  a drug. 

pharmacology  Study  of  the  actions  of  drugs  and  their 
effects  on  living  organisms. 

pharmacotherapeutic  treatment  Method  of  disease  treat- 
ment that  uses  drugs  to  modify  patient  behavior.  It  is  one 
method  used  to  treat  alcoholism, 
phencyclidine  (PCP)  Drug  that  binds  to  the  PCP  site  and 
acts  as  a noncompetitive  antagonist  of  the  NMDA  receptor. 
It  is  a dissociative  anesthetic  that  was  once  used  medicinally 
but  is  now  only  taken  recreationally. 
phenelzine  MAO  inhibitor  used  to  treat  clinical  depression, 
phenethylamine  Class  of  drugs  that  includes  mescaline  as 
well  as  NE-  and  amphetamine-related  substances, 
phenylephrine  a] -receptor  agonist  that  causes  behavioral 
stimulation. 

phobias  Fears  that  are  recognized  as  irrational, 
phosphoinositide  second-messenger  system  Neuro- 
transmitter signaling  mechanism  that  activates  PKC  and  is 
controlled  by  certain  receptors  for  ACh,  NE,  and  5-HT. 
phospholipid  bilayer  Fatty  sheet  surrounding  a cell  that 
prevents  most  substances  from  passing,  but  allows  lipid-sol- 
uble materials  to  pass.  The  sheet  is  composed  of  phospho- 
lipids aligned  linearly  head-to-tail,  forming  a tail-to-tail 
bilayer  with  the  water-soluble  heads  facing  toward  the  inside 
and  outside  of  the  cell. 

phospholipids  Lipid  molecules  that  are  major  constituents 
of  the  cell  membrane.  They  are  composed  of  a polar  head 
and  two  lipid  tails. 

phosphorylation  Process  that  adds  a phosphate  group  to  a 
molecule. 

physical  dependence  Developed  need  for  a drug,  such  as 
alcohol  or  opioids,  by  the  body  as  a result  of  prolonged  drug 
use.  Termination  of  drug  use  will  lead  to  withdrawal  symp- 
toms. 

physical  dependence  model  Model  of  addiction  based  on 
physical  dependence.  The  model  emphasizes  negative  rein- 
forcement, predicting  that  physical  dependence  as  a result  of 
repeated  drug  use  will  result  in  unpleasant  withdrawal 
symptoms  when  drug  use  stops  and  will  lead  to  relapses, 
physiological  antagonism  Drug  interaction  characterized 
by  two  drugs  reducing  each  other’s  effectiveness  in  the  body, 
physostigmine  (Eserine)  Drug  that  blocks  AChE  activity. 

Its  symptoms  include  slurred  speech,  mental  confusion,  hal- 
lucinations, loss  of  reflexes,  convulsions,  coma,  and  death.  It 
is  isolated  from  Calabar  beans. 


pia  mater  The  innermost  of  the  meninges.  The  pia  mater  is 
a thin  tissue  immediately  surrounding  the  brain  and  spinal 
cord. 

picrotoxin  Convulsant  drug  that  acts  by  blocking  the  func- 
tion of  GABAa  receptors. 

pilocarpine  Extract  of  the  shrub  Pilocarpus  jaborandi 
known  for  its  ability  to  stimulate  muscarinic  receptors, 
pineal  gland  Specific  endocrine  gland  that  is  located  above 
the  brain  stem,  covered  by  the  cerebral  hemispheres.  It 
secretes  melatonin. 

pinocytotic  vesicles  Type  of  vesicles  that  envelop  and  trans- 
port large  molecules  across  the  capillary  wall, 
pituitary  gland  Endocrine  gland  that  is  located  under  the 
hypothalamus  and  connects  to  the  brain  by  a thin  stalk.  It 
secretes  TSH,  ACTH,  FSH,  LH,  GH,  PRL,  vasopressin,  and 
oxytocin. 

placebo  Substance  that  is  pharmacologically  inert, 
polarized  Possessing  an  electrical  charge, 
pons  Band  of  nerve  fibers  within  the  metencephalon. 
positive  reinforcement  model  Model  of  addiction  that 
emphasizes  the  reinforcing  power  of  drugs  to  strengthen  the 
behaviors  involved  in  drug  seeking  and  consumption, 
positive  symptoms  Characteristics  of  schizophrenia  that 
include  delusions,  hallucinations,  disorganized  speech,  and 
bizarre  behavior.  They  are  often  the  more  dramatic  symp- 
toms. 

positron  emission  tomography  (PET)  Imaging  technique 
used  to  determine  the  distribution  of  a radioactively  labeled 
substance  in  the  body.  It  can  be  used  to  measure  drug  bind- 
ing to  neurotransmitter  receptors  or  transporters  in  the 
brain. 

posterior  Located  near  the  back  or  rear  of  an  animal, 
posterior  pituitary  Part  of  the  pituitary  gland  that  secretes 
vasopressin  and  oxytocin. 

postganglionic  Relating  to  nerve  fibers  from  autonomic 
ganglia  that  innervate  various  target  organs, 
postsynaptic  cell  Neuron  at  a synapse  that  receives  a signal 
from  the  presynaptic  cell. 

posttraumatic  stress  disorder  (PTSD)  Emotional  disorder 
that  develops  in  response  to  a traumatic  event,  leaving  the 
individual  feeling  a sense  of  fear,  helplessness,  and  terror. 
Symptoms  include  sleep  disturbances,  avoidance  of  stimuli 
associated  with  the  trauma,  and  a numbing  of  general  emo- 
tional responses. 

potency  Measure  of  the  amount  of  drug  necessary  to  pro- 
duce a specific  response. 

potentiation  Drug  interaction  characterized  by  an  increase 
in  effectiveness  greater  than  the  collective  sum  of  the  indi- 
vidual drugs. 

prazosin  a1 -receptor  antagonist  that  causes  dilation  of 
blood  vessels  and  is  useful  for  treating  hypertension, 
precipitated  withdrawal  Method  used  to  test  dependence 
and  withdrawal  by  administering  an  antagonist  to  block 
drug  effects  rapidly. 
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precursor  Chemical  that  is  used  to  make  the  product 
formed  in  a biochemical  pathway  (e.g.,  tyrosine  is  the  pre- 
cursor of  DOPA  in  the  pathway  for  catecholamine  synthe- 
sis). 

prefrontal  cortex  Part  of  the  frontal  lobe  that  receives  emo- 
tional and  motivational  input  and  is  necessary  for  logical 
decision  making. 

preganglionic  Relating  to  nerve  fibers  from  the  CNS  that 
innervate  autonomic  ganglia. 

prepulse  inhibition  of  startle  Method  to  study  the  ability 
of  an  individual  to  filter  out  sensory  stimuli  by  applying  a 
weak  “prepulse”  stimulus  shortly  before  the  startle-inducing 
stimulus. 

presynaptic  cell  Neuron  at  a synapse  that  transmits  a signal 
to  the  postsynapticcell. 

presynaptic  facilitation  Signaling  by  the  presynaptic  cell  to 
increase  neurotransmitter  release  by  the  axon  terminal  of 
the  postsynaptic  cell. 

presynaptic  inhibition  Signaling  by  the  presynaptic  cell  to 
reduce  neurotransmitter  release  by  the  axon  terminal  of  the 
postsynaptic  cell. 

primary  auditory  cortex  Structure  that  receives  auditory 
information.  It  is  located  in  the  temporal  lobe, 
primary  motor  cortex  Structure  located  in  the  frontal  lobe 
that  mediates  voluntary  movements  of  the  skeletal  muscles, 
primary  somatosensory  cortex  Structure  located  in  the 
parietal  lobe  that  receives  information  about  body  senses, 
including  touch,  pain,  and  temperature, 
primary  visual  cortex  Structure  located  in  the  occipital  lobe 
that  receives  visual  information, 
primers  Drug-like  effects  caused  by  drug-conditioned  stim- 
uli that  remind  an  organism  how  it  feels  to  take  a drug  and 
that  promote  further  drug  use. 
prodynorphin  One  of  several  large  peptides,  collectively 
called  propeptides,  that  are  broken  down  by  proteases  to 
form  smaller  active  opioids. 

proenkephalin  One  of  several  large  peptides,  collectively 
called  propeptides,  that  are  broken  down  by  proteases  to 
form  smaller  active  opioids. 

progesterone  Female  sex  hormone  secreted  by  the  ovaries, 
programmed  cell  death  Cell  death  resulting  from  a pro- 
grammed series  of  biochemical  events  in  the  cell  designed  to 
eliminate  unnecessary  cells.  Also  called  apoptosis. 

progressive-ratio  procedure  Method  used  to  measure  the 
relative  power  of  drug  reinforcement  by  steadily  increasing 
the  response  to  reward  ratio. 

prolactin  (PRL)  Hormone  secreted  by  the  anterior  pituitary 
that  promotes  milk  production  by  the  mammary  glands, 
promotor  region  Section  of  a gene,  adjacent  to  the  coding 
region,  that  controls  the  rate  of  transcription. 

pro-opiomelanocortin  (POMC)  One  of  several  large  pep- 
tides, collectively  called  propeptides,  that  are  broken  down 
by  proteases  to  form  smaller  active  opioids. 


propranolol  (3-receptor  antagonist.  It  is  useful  for  treating 
hypertension  due  to  its  ability  to  block  (3-receptors  in  the 
heart,  thereby  limiting  contraction  of  the  heart  muscles, 
protein  kinase  A (PKA)  Enzyme  that  is  stimulated  by  cAMP 
and  that  phosphorylates  specific  proteins  as  part  of  a neuro- 
transmitter signaling  pathway. 

protein  kinase  C (PKC)  Enzyme  that  is  stimulated  by  phos- 
phatidylserine  and  Ca2+  and  that  phosphorylates  specific 
proteins  as  part  of  a neurotransmitter  signaling  pathway, 
protein  kinase  G (PKG)  Enzyme  that  is  stimulated  by  cGMP 
and  that  phosphorylates  specific  proteins,  including  proteins 
involved  in  cell  growth  and  differentiation, 
protein  kinases  Enzymes  that  catalyze  the  phosphorylation 
of  other  proteins. 

psilocin  Metabolite  of  psilocybin.  Psilocin  is  the  actual  psy- 
choactive agent. 

psilocybin  Hallucinogenic  drug  found  in  several  mushroom 
species. 

psychedelic  Substance  that  alters  perceptions,  state  of  mind 
or  awareness. 

psychedelic  therapy  Therapeutic  method  that  involved  giv- 
ing patients  a single  high  dose  of  LSD  to  help  them  under- 
stand their  problems  by  reaching  a drug-induced  spiritual 
state. 

psycholytic  therapy  Therapeutic  method  that  employed 
LSD  in  low  doses,  gradually  increasing  the  dose,  in  attempts 
to  recover  repressed  memories  or  increase  communication 
with  the  therapist. 

psychomotor  stimulants  Class  of  drugs  characterized  by 
sensorimotor  activation.  Symptoms  include  increased  alert- 
ness, heightened  arousal,  and  behavioral  excitement, 
psychopharmacology  Area  of  pharmacology  specializing 
in  drug-induced  changes  in  mood,  thinking,  and  behavior, 
psychosocial  treatment  programs  Counseling  programs 
that  involve  educating  the  user,  promoting  behavioral 
change  and  alleviating  problems  caused  by  drug  use. 
psychotomimetic  Substance  that  mimics  psychosis  in  a 
subject,  such  as  by  inducing  hallucinations  or  delusions, 
pure  antagonist  Drug  that  produces  no  pharmacological 
activity  and  that  can  prevent  or  reverse  the  effects  of  a drug 
agonist  by  occupying  the  receptor  site, 
pyramiding  Pattern  of  steroid  use  characterized  by  gradual- 
ly increasing  the  drug  dose  until  the  middle  of  the  cycle, 
then  gradually  decreasing  the  drug  dose  until  the  cycle  is 
complete. 

pyridostigmine  (Mestinon)  Synthetic  analog  of  the  drug 
physostigmine  that  cannot  cross  the  blood-brain  barrier.  It 
is  used  to  treat  myasthenia  gravis  due  to  its  ability  to  block 
AChE  activity  in  muscle  tissue. 

Q 

quinpirole  Stimulant  that  increases  locomotion  and  sniffing 
behavior  in  rodents  by  activating  D2  and  D3  receptors. 
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radial  arm  maze  Maze  type  composed  of  multiple  arms 
leading  from  a central  choice  point.  Radial  arm  mazes  are 
used  to  test  spatial  learning. 

radioimmunoassay  (RIA)  Technique  used  to  determine  the 
amount  of  an  antigen  in  a test  sample  by  comparing  samples 
with  known  concentrations  of  radioactively  labeled  antigen 
and  nonlabeled  antigen  to  the  test  sample, 
radioligand  binding  Technique  used  to  measure  the  affinity 
and  relative  density  of  receptors  for  a specific  drug  in  a par- 
ticular brain  area  by  using  a radioactively  labeled  ligand  for 
the  receptor. 

raphe  nuclei  Network  of  cell  clusters  in  the  CNS  that  con- 
tain the  cell  bodies  of  serotonergic  neurons.  They  are  found 
almost  exclusively  along  the  midline  of  the  brain  stem, 
rate-limiting  enzyme  Enzyme  that  catalyzes  the  slowest 
step  in  a biochemical  pathway.  It  determines  the  overall  rate 
of  product  formation. 

reactive  depression  State  of  sadness  that  is  appropriate  and 
of  a reasonable  level  in  response  to  a given  negative  situa- 
tion. 

reboxetine  Antidepressant  that  selectively  blocks  the  NE 
transporter,  thereby  increasing  NE  concentration  in  the 
synaptic  cleft. 

receptor  binding  studies  Method  used  to  determine  the 
density  of  a specific  receptor  in  a sample, 
receptor  cloning  Process  used  to  produce  large  amounts  of 
identical  receptor  proteins  in  a cell  line, 
receptors  Proteins  located  on  the  surface  of  or  within  cells 
that  are  responsible  for  binding  to  an  active  ligand, 
receptor  subtypes  Group  of  receptors  that  respond  to  the 
same  neurotransmitter  but  that  differ  from  each  other  to 
varying  degrees  with  respect  to  their  structure,  signaling 
mechanisms,  and  pharmacology, 
receptor  up-regulation  Increase  in  the  number  of  receptors 
produced  and  maintained  in  a target  cell, 
rehabilitation  Type  of  program  that  helps  an  alcoholic  to 
abstain  from  or  decrease  drinking  after  detoxification, 
relapse  Recurrence  of  drug  use  following  a period  of  absti- 
nence. 

relapse  prevention  therapy  Treatment  program  for  drug 
abusers  that  teaches  an  individual  how  to  avoid  and  cope 
with  high-risk  situations. 

relative  refractory  period  Short  hyperpolarizing  phase 
after  an  action  potential  during  which  a more  intense  excita- 
tory stimulus  is  necessary  to  obtain  neuron  firing, 
reliability  Term  used  to  indicate  how  dependable  test  results 
are  and  how  likely  the  same  test  results  are  to  be  recorded  in 
subsequent  trials. 

remission  Period  in  which  an  addict  is  drug  free, 
resensitize  Receptor  state  characterized  by  the  return  of 
receptor  function  and  a normal  response  to  agonist  stimula- 
tion. 

reserpine  Drug  extracted  from  Rauwolfia  serpentina  (snake 
root)  roots.  It  inhibits  vesicular  monoamine  uptake  by 


VMAT,  thereby  reducing  monoamine  levels  in  the  central 
and  peripheral  nervous  system, 
reserpine-induced  sedation  Animal  testing  method  used 
to  identify  clinically  useful  antidepressant  drugs, 
respiratory  center  Part  of  the  medulla  responsible  for  regu- 
lating respiration.  Drug-induced  inhibition  of  neuronal 
activity  in  this  area  can  lead  to  death, 
resting  membrane  potential  The  difference  in  the  electri- 
cal charge  inside  a neuron  at  rest  compared  to  the  outside. 
The  inside  of  the  cell  is  more  negative,  and  the  potential  is 
-70  mV. 

reticular  formation  Collection  of  nuclei  within  the  core  of 
the  pons  forming  a network  that  extends  into  the  midbrain 
and  medulla.  These  nuclei  are  important  for  arousal,  atten- 
tion, sleep,  muscle  tone,  and  some  cardiac  and  respiratory 
reflexes. 

retrograde  axonal  transport  Process  by  which  waste  mate- 
rials are  transported  along  microtubules  from  the  axon  ter- 
minal to  the  soma. 

retrograde  messenger  Chemical  synthesized  and  released 
by  a postsynaptic  cell  that  diffuses  into  the  nerve  terminal  of 
the  presynaptic  cell,  often  for  the  purpose  of  altering  neuro- 
transmitter release  by  the  terminal, 
reuptake  Process  that  involves  transport  of  neurotransmit- 
ters out  of  the  synaptic  cleft  by  the  same  cell  that  released 
them. 

reverse  tolerance  Enhanced  response  to  a particular  drug 
after  repeated  drug  exposure. 

rimonabant  Antagonist  selective  for  the  CBl  receptor.  It  is 
also  called  SR  141716. 

risperidone  (Risperdal)  Drug  that  inhibits  5-HT2A  and  D2 
dopamine  receptors.  It  is  used  to  treat  schizophrenia, 
ritanserin  Drug  that  inhibits  5-HT2A  receptors, 
rostral  Located  near  the  front  or  head  of  an  animal. 

S 

sagittal  Section  that  is  taken  parallel  to  the  plane  bisecting 
the  nervous  system  into  right  and  left  halves, 
saltatory  conduction  Mode  of  action  potential  conduction 
characterized  by  jumps  from  one  node  of  Ranvier  to  the 
next. 

sarin  Toxin  that  causes  irreversible  inhibition  of  AChE.  It  is 
used  as  a nerve  gas  for  chemical  warfare, 
saxitoxin  Poison  that,  once  ingested,  blocks  voltage-gated 
Na+  channels  throughout  the  body. 

SCH  23390  Dj  receptor  antagonist  that  may  induce  catalep- 
sy when  administered  in  high  doses. 

Schedule  of  Controlled  Substances  System  established  by 
the  Controlled  Substances  Act  in  1970  that  classifies  most 
substances  with  abuse  potential  into  one  of  five  schedules. 
Schedules  I and  II  have  the  strictest  guidelines, 
schedule  of  reinforcement  Predetermined  schedule  used  to 
determine  when  an  animal  will  be  rewarded  for  performing 
a specific  behavior.  A fixed  ratio  (FR)  schedule  refers  to 
rewards  given  after  a set  number  of  responses;  a fixed  inter- 
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val  (FI)  schedule  refers  to  rewards  given  to  the  first  response 
that  occurs  after  a set  amount  of  time  has  elapsed. 

Schwann  cells  Glial  cells  that  myelinate  peripheral  nerve 
axons. 

scopolamine  Drug  that  blocks  muscarinic  receptors.  It  is 
found  in  nightshade,  Atropa  belladonna , and  in  henbane, 
Hyoscyamus  niger. 

secondary  cortex  Section  of  the  cerebral  cortex  containing 
the  neuronal  circuits  responsible  for  analyzing  and  recogniz- 
ing information  from  the  primary  cortex,  and  for  memory 
storage. 

secondary  motor  cortex  Section  of  the  frontal  lobe  that  is 
located  next  to  the^primary  motor  cortex  and  is  responsible 
for  storing  memories  concerning  motor  sequences, 
second  messenger  Substance  that,  when  activated  by  sig- 
naling molecules  bound  to  receptors  in  the  cell  membrane, 
will  initiate  biochemical  processes  within  the  cell, 
section  Tissue  slice  showing  structures  of  the  body  or  nerv- 
ous system. 

sedative-hypnotics  Class  of  drugs  that  depresses  nervous 
system  activity.  They  are  used  to  produce  relaxation,  reduce 
anxiety,  and  induce  sleep. 

selective  D2  receptor  antagonists  Drugs  that  selectively 
block  D2  receptors,  including  sulpiride,  raclopride,  and 
remoxipride. 

selective  serotonin  reuptake  inhibitors  (SSRIs)  Antide- 
pressants used  to  treat  major  depression,  panic  and  anxiety 
disorders,  obsessive-compulsive  disorder,  obesity,  and  alco- 
holism by  blocking  the  presynaptic  membrane  transporter 
for  5-HT. 

self-administration  method  Test  used  to  measure  the 
abuse  potential  of  a drug  by  allowing  an  animal  to  give  itself 
the  drug  doses. 

self-medication  hypothesis  Theory  that  addiction  is  based 
on  an  effort  by  the  individual  to  treat  oneself  for  mood  or 
other  ill  feelings. 

semipermeable  membrane  Selective  membrane,  such  as 
the  cell  membrane,  that  allows  some  molecules  to  cross  but 
prevents  others  from  crossing, 
sensitive  Term  used  to  indicate  that  a test  uses  drug  doses 
within  the  normal  therapeutic  range, 
sensitization  Enhanced  response  to  a particular  drug  after 
repeated  drug  exposure. 

sensory  afferents  Signals  originating  at  the  muscles  and 
surface  tissue  of  the  body  and  traveling  to  the  spinal  cord, 
sensory  neurons  Nerve  cells  that  are  sensitive  to  environ- 
mental stimuli  and  convert  the  physical  stimuli  into  electri- 
cal signals. 

septal  nuclei  One  of  the  terminal  areas  of  the  fornix.  It 
receives  fibers  from  the  hippocampus, 
serotonergic  Adjectival  form  of  serotonin  (5-HT). 
serotonin  Neurotransmitter  found  in  the  central  and 
peripheral  nervous  system  and  synthesized  by  serotonergic 
neurons.  It  is  also  known  as  5-HT. 


serotonin  syndrome  Effects  associated  with  an  overdose  of 
SSRIs  or  serotonergic  agonists,  including  severe  agitation, 
disorientation,  confusion,  ataxia,  muscle  spasms,  fever,  shiv- 
ering, chills,  diarrhea,  elevated  blood  pressure,  and  increased 
heart  rate. 

short/intermediate-acting  drugs  Drugs  that  are  moder- 
ately lipid-soluble,  reaching  the  brain  within  20  to  40  min- 
utes and  lasting  5 to  8 hours.  The  drugs  lose  effectiveness 
over  time  due  to  liver  metabolism, 
side  effects  Undesired  physical  or  behavioral  changes  asso- 
ciated with  a particular  drug, 
single-photon  emission  computerized  tomography 
(SPECT)  Imaging  technique  used  to  view  changes  in 
regional  blood  flow  or  drug  binding  by  using  radioactively 
labeled  compounds  injected  or  inhaled  into  the  body, 
sinsemilla  The  potent  marijuana  produced  by  preventing 
pollination  and  seed  production  in  the  female  cannabis 
plants. 

SKF  38393  receptor  agonist,  it  induces  self-grooming 
behavior  in  rats  and  mice. 

skull  Bones  that  surround  and  protect  the  tissue  of  the 
brain. 

social  interaction  test  Test  used  to  measure  the  level  of 
anxiety  in  rodents  by  recording  the  time  spent  investigating 
other  animals. 

social  phobia  Fear  of  being  around  people  due  to  the  poten- 
tial that  an  embarrassing  event  may  occur, 
soma  Cell  body  of  a neuron,  containing  all  of  the  organelles 
needed  to  maintain  the  cell. 

soman  Toxin  that  causes  irreversible  inhibition  of  AChE.  It 
is  used  as  a nerve  gas  for  chemical  warfare. 

somatodendritic  autoreceptors  Autoreceptors  located  on 
the  dendrites  or  cell  body  that  slow  the  rate  of  cell  firing 
when  activated. 

specific  Term  used  to  describe  the  relationship  between  a 
class  of  drugs  and  the  type  of  animal  behavioral  test  results, 
specific  actions  Characteristic  actions  of  a drug  on  particu- 
lar protein  sites  that  are  responsible  for  the  drug’s  behavioral 
and  physiological  effects. 

specific  drug  effects  Physical  or  behavioral  changes  associ- 
ated with  biochemical  interactions  of  a drug  with  the  target 
site. 

specific  neurotoxin  Chemical  that  damages  a specific  neu- 
ral pathway  leaving  others  intact, 
spinal  interneurons  Nerve  cells  with  short  axons  within  the 
spinal  cord. 

spinal  nerves  Pairs  of  nerves  originating  at  the  spinal  cord 
and  leading  to  various  parts  of  the  body. 

SR  1 41 71 6 Antagonist  selective  for  the  CBj  receptor.  It  is 
also  called  rimonabant. 

stacking  Pattern  of  anabolic  steroid  use  characterized  by  the 
simultaneous  use  of  multiple  steroids,  such  as  a short-  and  a 
long-acting  steroid. 

state-dependent  learning  Condition  characterized  by  bet- 
ter performance  of  a particular  task  in  a drugged  state  than 
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in  a nondrugged  state.  It  can  occur  when  the  task  has  initial- 
ly been  learned  in  the  presence  of  the  drug, 
stereotyped  behaviors  Repeated,  relatively  invariant 
behaviors  associated  with  a particular  situation  or  drug 
treatment.  They  often  occur  following  a high  dose  of  a psy- 
chostimulant such  as  cocaine  or  amphetamine, 
steroids  Class  of  hormones  that  are  derived  from  cholesterol 
and  regulate  a variety  of  biochemical  pathways, 
subcutaneous  Method  that  involves  administration  of  a 
drug  just  below  the  skin. 

substance  abuse  Disorder  involving  the  overuse  of  a drug 
by  an  individual.  It  may  or  may  not  lead  to  substance 
dependence. 

substance  dependence  Disorder  involving  excessive  and 
harmful  drug  use  by  an  individual,  corresponding  to  addic- 
tion. 

substance-induced  disorders  Disorders  characterized  by 
acute  intoxicating  effects  and  symptoms  of  withdrawal  of 
particular  substances. 

substantia  nigra  Collection  of  dopaminergic  cell  bodies 
within  the  tegmentum  of  the  mesencephalon  that  innervate 
the  striatum  by  way  of  the  nigrostriatal  tract.  Damage  to 
cells  in  this  region  leads  to  Parkinson’s  disease, 
subunits  Individual  protein  components  that  must  join  in 
the  cell  membrane  to  form  a complete  receptor, 
succinylcholine  Chemical  similar  to  ACh  that  is  resistant  to 
metabolism  by  AChE.  It  is  used  as  a muscle  relaxant  during 
some  surgical  procedures. 

sudden  sniffing  death  syndrome  Fatal  cardiac  arrhythmia 
associated  with  inhalant  use. 

sulci  Small  grooves  of  the  cerebral  cortex.  The  singular  form 
is  sulcus. 

summation  Term  used  to  describe  the  observation  that  sev- 
eral small  depolarizations  or  hyperpolarizations  can  add 
together  to  create  one  large  change  in  membrane  potential. 
Similarly,  simultaneous  depolarizations  and  hyperpolariza- 
tions will  cancel  out  each  other, 
superior  Located  near  the  top  of  the  brain  in  humans, 
supraspinal  Located  above  the  spinal  cord  or  spine, 
susceptibility  models  Models  of  addiction  characterized  by 
a belief  that  some  individuals  inherit  a vulnerability  toward 
uncontrolled  drug  use. 

sympathetic  Division  of  the  autonomic  nervous  system 
responsible  for  necessary  energy  expenditure  and  for  trig- 
gering the  “fight-or-flight”  response  by  increasing  heart  rate, 
increasing  blood  pressure,  stimulating  adrenaline  secretion, 
and  increasing  blood  flow  to  skeletal  muscles, 
sympathetic  chain  ganglia  Clusters  of  cell  bodies  near  the 
spinal  cord  that  contain  many  of  the  ganglionic  neurons  of 
the  sympathetic  nervous  system, 
sympathomimetic  Substance  that  produces  symptoms  of 
sympathetic  nervous  system  activation, 
synapse  Structural  unit  of  information  transmission 
between  two  nerve  cells.  It  consists  of  the  presynaptic  nerve 
terminal,  the  synaptic  cleft,  and  a small  area  of  the  postsy- 


naptic  cell  (typically  associated  with  a dendrite  or  region  of 
the  cell  body)  that  receives  the  incoming  signal, 
synaptic  cleft  Small  gap,  about  20  nm  wide,  between  the 
presynaptic  and  postsynaptic  cells, 
synaptic  vesicles  Sac-like  structures  located  in  the  axon  ter- 
minal that  are  filled  with  molecules  of  neurotransmitter, 
synesthesia  Mixing  of  sensations  such  that  one  kind  of  sen- 
sory stimulus  creates  a different  kind  of  sensation,  such  as  a 
color  producing  the  sensation  of  sound. 

T 

tail-flick  test  Technique  used  to  measure  pain  sensitivity  in 
an  animal  by  placing  a hot  beam  of  light  on  the  animal’s  tail 
and  recording  the  time  it  takes  for  the  animal  to  remove  its 
tail  from  the  beam. 

tar  Mixture  of  hydrocarbons  created  by  the  vaporization  of 
nicotine  in  tobacco.  Tar  is  a major  component  of  cigarette 
smoke. 

tardive  dyskinesia  (TD)  Undesired  response  to  antipsychot- 
ic drugs  characterized  by  involuntary  muscle  movements, 
tectum  Division  of  the  midbrain.  The  tectum  is  the  dorsal- 
most  portion  of  the  brain  and  contains  parts  of  the  visual 
and  auditory  systems.  The  nuclei  are  responsible  for  visually 
related  reflexes. 

tegmentum  Division  of  the  midbrain.  The  tegmentum  is 
composed  of  several  important  structures  including  the 
PAG,  substantia  nigra,  and  the  VTA. 
temporal  lobe  One  of  four  lobes  of  the  cerebral  cortex.  It 
contains  the  primary  auditory  cortex  and  helps  integrate 
auditory  information. 

teratogen  Substance  or  drug  that  induces  abnormal  fetal 
development,  causing  birth  defects, 
teratogenic  Adjectival  form  of  teratogen,  a substance  or 
drug  that  causes  birth  defects. 

terminal  autoreceptors  Autoreceptors  that  are  located  on 
axon  terminals  and  that  inhibit  neurotransmitter  release, 
terminal  buttons  Small  enlargements  at  the  axon  terminal, 
in  close  proximity  to  the  dendrites  of  the  postsynaptic  cell, 
containing  synaptic  vesicles.  Also  known  as  synaptic  bou- 
tons, or  simply  boutons. 

tertiary  association  areas  Section  of  the  cerebral  cortex 
where  the  three  sensory  lobes  can  interact,  providing  a high- 
er order  of  perception  and  memory, 
testes  Male  specific  gonads  that  secrete  Androgens, 
tetanic  stimulus  Electrical  stimuli  delivered  repeatedly,  in  a 
brief  train  of  electrical  bursts.  Also  referred  to  as  tetanus, 
tetanus  A train  of  electrical  stimuli  that  is  used  experimen- 
tally to  induce  LTP.  Also  referred  to  as  a tetanic  stimulus, 
tetrahydrocannabinol  See  A9 -tetrahydrocannabinol 
thalamus  Structure  of  the  diencephalon  that  is  responsible 
for  processing  and  distributing  sensory  and  motor  signals  to 
the  appropriate  section  of  the  cerebral  cortex, 
therapeutic  effects  Desired  physical  or  behavioral  changes 
associated  with  a particular  drug, 
therapeutic  index  The  relationship  between  the  drug  dose 
required  for  the  desired  biological  response  and  the  drug 
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dose  that  results  in  a toxic  response.  It  is  represented  by  the 
equation  TI  = TD50/ED50. 

thiosemicarbazide  Drug  that  blocks  GABA  synthesis, 
inducing  convulsions. 

threshold  Membrane  potential,  typically  -50  mV,  at  which 
voltage-gated  Na+  channels  will  open,  generating  an  action 
potential. 

thyroid  gland  Specific  endocrine  gland  that  is  located  in  the 
throat  and  secretes  T3  and  T4. 

thyroid-stimulating  hormone  (TSH)  Hormone  that  stimu- 
lates the  thyroid  gland.  It  is  secreted  by  the  anterior  pitu- 
itary. 

thyrotropin-releasing  hormone  (TRH)  Hormone  that 
stimulates  TSH  release.  It  is  synthesized  by  neurons  of  the 
hypothalamus. 

thyroxine  (T4)  Hormone  that  is  synthesized  from  tyrosine 
and  helps  control  normal  energy  and  metabolism  in  the 
body.  It  is  secreted  by  the  thyroid  gland. 

tiagabine  (Gabitril)  Drug  that  is  a selective  inhibitor  of 
GAT-1.  It  is  used  in  pharmacological  studies  and  to  treat 
patients  with  partial  seizures  who  are  resistant  to  standard 
antiepileptic  drugs. 

tight  junctions  Connection  between  cells  characterized  by  a 
fusing  of  adjoining  cell  membranes. 

T-maze  Maze  type  that  involves  an  alley  ending  in  a “T” 
shape,  giving  the  animal  two  path  choices. 

tolcapone  (Tasmar)  COMT  inhibitor  used  in  conjunction 
with  l-DOPA  to  treat  Parkinson’s  disease. 

tolerance  Decreased  response  to  a drug  as  a direct  result  of 
repeated  drug  exposure. 

topical  Method  that  involves  administration  of  a drug 
through  a mucous  membrane. 

tracts  Bundles  of  nerve  axons  in  the  CNS  sharing  a common 
origin  and  target. 

transcription  Process  whereby  mRNA  is  produced  as  a com- 
plementary copy  of  an  active  gene. 

transcription  factors  Nuclear  proteins  that  regulate  gene 
transcription  within  a cell. 

transdermal  Method  that  involves  administration  of  a drug 
through  the  skin. 

transfection  Process  used  to  introduce  genetic  material  into 
a cell  by  injecting  it  with  a DNA  sequence  coding  for  the 
desired  protein  product. 

transgenic  mice  Mice  bred  to  replace  one  gene  with  another 
(e.g.,  a normal  gene  with  a mutant  version  of  that  gene). 
They  are  used  to  study  genetic  disorders. 

translation  Process  whereby  proteins  are  produced  using 
mRNA  code  to  direct  the  amino  acid  sequence.  Translation 
is  performed  by  ribosomes. 

transmembrane  domains  Parts  of  a protein  that  traverse 
the  cell  membrane. 

transporter  proteins  Specific  proteins  in  the  cell  membrane 
that  transport  molecules  into  and  out  of  the  cell  (e.g.,  pro- 
teins that  remove  neurotransmitters  from  the  synaptic  cleft 


following  their  release).  They  are  sometimes  just  called 
transporters. 

tranylcypromine  MAO  inhibitor  used  to  treat  clinical 
depression. 

tricyclic  antidepressants  (TCAs)  Class  of  antidepressants 
characterized  by  a three-ring  structure.  They  block  reuptake 
of  NE  and  5-HT,  thereby  increasing  their  concentration  in 
the  synaptic  cleft. 

trihexyphenidyl  (Artane)  Anticholinergic  drug  used  to 
treat  early  symptoms  of  Parkinson’s  disease, 
triiodothyronine  (T3)  Hormone  that  is  synthesized  from 
tyrosine  and  helps  control  normal  energy  and  metabolism 
in  the  body.  It  is  secreted  by  the  thyroid  gland. 
trkA-trkC  Types  of  tyrosine  kinase  receptors  that  are  acti- 
vated by  neurotrophic  factors:  trkA  by  NGF,  trkC  by  NT-3, 
and  trkB  by  BDNF  and  NT4.  Two  activated  trk  receptors  are 
needed  to  phosphorylate  each  other  and  trigger  subsequent 
signaling  events. 

tryptophan  Amino  acid  characterized  by  the  presence  of  an 
indole  group.  It  is  a precursor  to  5-HT. 
tryptophan  hydroxylase  Enzyme  that  catalyzes  the  conver- 
sion of  tryptophan  into  5-HTP. 
turnover  Index  of  neurotransmitter  activity,  typically 
obtained  by  determining  the  level  or  rate  of  production  of 
one  or  more  metabolites  for  that  transmitter, 
twin  studies  Studies  used  to  understand  how  heredity  con- 
tributes to  a disorder  by  comparing  pairs  of  monozygotic 
and  dizygotic  twins  in  which  at  least  one  twin  displays  the 
disorder. 

tyrosine  Amino  acid  characterized  by  a phenol  group.  It  is 
necessary  for  the  synthesis  of  the  catecholamine  neurotrans- 
mitters. 

tyrosine  hydroxylase  (TH)  Enzyme  that  catalyzes  the  first 
step  of  catecholamine  synthesis  in  neurons,  the  conversion 
of  tyrosine  to  DOPA. 

tyrosine  kinase  receptors  Family  of  receptors  that  mediate 
neurotrophic  factor  signaling. 

U 

ultrashort-acting  Drugs  that  are  highly  lipid-soluble,  reach- 
ing the  brain  within  seconds  when  administered  intra- 
venously. They  lose  effectiveness  quickly,  within  about  30 
minutes,  as  inactive  drug  depots  form  in  fatty  tissue. 

undifferentiated  schizophrenia  Subtype  of  schizophrenia 
characterized  by  symptoms  that  do  not  match  other  sub- 
types. 

up-regulation  Increase  in  the  number  of  receptors,  which 
may  be  a consequence  of  denervation  or  of  chronic  antago- 
nist treatment. 

V 

vanillymandelic  acid  ( VMA)  Metabolite  of  NE,  formed  pri- 
marily by  NE  breakdown  in  the  peripheral  nervous  system, 
vasopressin  Peptide  hormone  secreted  by  the  posterior 
pituitary  that  increases  water  retention  by  the  kidneys, 
ventral  Located  toward  the  underside  of  the  brain  or  front 
of  the  body  in  humans. 
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ventral  tegmental  area  (VTA)  Region  containing  dopamin- 
ergic cell  bodies  within  the  tegmentum  of  the  mesen- 
cephalon (midbrain)  that  form  the  mesolimbic  and  meso- 
cortical  tracts. 

vertebrae  Bones  that  surround  and  protect  the  tissue  of  the 
spinal  cord. 

vesamicol  Drug  that  blocks  the  vesicular  ACh  transporter. 

vesicle  recycling  The  continual  release  and  re-formation  of 
vesicles  by  exocytosis  and  endocytosis. 

vesicular  ACh  transporter  Vesicle  membrane  protein  that 
transports  ACh  into  synaptic  vesicles. 

vesicular  GABA  transporter  (VGAT)  Vesicle  membrane 
protein  that  transports  both  GABA  and  glycine  into  synaptic 
vesicles. 

vesicular  glutamate  transporter  (VGLUT)  Vesicle  mem- 
brane protein  that  transports  glutamate  into  synaptic  vesi- 
cles. There  are  three  such  proteins,  designated 
VGLUT  1-VGLUT3,  which  differ  in  their  location  within  the 
brain. 

vesicular  monoamine  transporter  ( VMAT)  Vesicle  mem- 
brane protein  that  transports  monoamines  (i.e.,  cate- 
cholamines and  5-HT)  into  synaptic  vesicles. 

vigabatrin  (Sabril)  Drug  that  irreversibly  inhibits  GABA-T. 
It  is  used  to  treat  epilepsy. 

vigilance  Act  of  being  alert  to  important  environmental 
stimuli. 

volatile  solvents  Class  of  inhalants  characterized  by  chemi- 
cals, such  as  adhesives,  ink,  and  paint  thinner,  that  are  liquid 


at  room  temperature,  but  readily  give  off  fumes  that  can  be 
easily  inhaled. 

volume  transmission  Phenomenon  characterized  by  the 
diffusion  of  a chemical  signal  through  the  extracellular  fluid 
to  reach  target  cells  at  some  distance  from  the  point  of 
release. 

voltage-gated  channels  Type  of  ion  channels  that  are  regu- 
lated by  voltage  differences  across  the  cell  membrane. 

W 

water-lick  suppression  test  Technique  used  to  measure 
anxiety  in  rodents  by  recording  their  propensity  to  lick  a 
drinking  spout  that  will  also  transmit  a mild  electric  shock. 

WAY  1 00635  Drug  that  selectively  inhibits  5-HT1A  recep- 
tors. 

Wernicke-Korsakoff  syndrome  Symptom  of  thiamine 
deficiency  characterized  by  confusion,  disorientation, 
tremors,  poor  coordination,  ataxia,  and  in  later  stages,  short- 
term memory  loss. 

withdrawal  See  abstinence  syndrome. 

Y 

yohimbine  oc2 -antagonist  that  blocks  autoreceptors  and 
increases  noradrenergic  cell  firing.  It  enhances  symptoms  of 
opioid  withdrawal. 

Z 

zero-order  kinetics  Term  used  to  describe  a constant  rate  of 
drug  removal  from  the  body,  regardless  of  drug  concentra- 
tion in  the  blood. 
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Basal  ganglia,  57,  58 

obsessive-compulsive  disorder  and, 
419, 420 

Parkinson’s  disease  and,  126 
Bayer  Laboratories,  187 
BDNF.  See  Brain-derived  neurotrophic 
factor 

BDZs.  See  Benzodiazepines 


Subject  Index  533 


BEAM.  See  Brain  electrical  activity 
mapping 

Bechler,  Steve,  293 
Behavior 

blood  alcohol  concentration  and, 
228 

cocaine  effects  on,  280-281,  281 
stereotyped,  122 
Behavioral  desensitization,  415 
Behavioral  despair,  392 
Behavioral  disinhibition,  210 
Behavioral  observation,  110 
Behavioral  pharmacology,  research 
techniques,  105-116 
Behavioral  supersensitivity,  131-132 
Behavioral  tolerance,  28-30,  222-223 
Behavior  therapy 

for  cocaine  abuse/dependence, 
290-291 
for  phobias,  415 
Benperidol,  451 
Benzadrine,  293 
Benzocaine  (Anesthesin),  45 
Benzodiazepine  receptors,  432-433, 
433 

Benzodiazepines  (BDZs),  22,  423-428 
abstinence  syndrome,  427, 428 
abuse  potential,  428 
for  acute  anxiety,  412 
advantages  over  other  sedative-hyp- 
notics, 426-428 
as  agonists,  80 

endogenous  ligands,  180-181 
GABAa  receptors  and,  179-181 
for  insomnia,  425-427 
metabolism  of,  423-424, 424 
molecular  structure  of,  423 
pharmacokinetics  of,  423-424 
therapeutic  effects  of,  424, 426 
Benzoylecgonine,  279 
Benztropine  (Cogentin),  144, 454 
(3-adrenergic  receptors,  134-135 
location  of,  135 
physiological  actions  of,  135 
(3-amyloid  protein  ((3AP),  149 
(3AP.  See  (3-amyloid  protein 
(3-carbolines,  350, 432-433, 433 
(3-CIT  (RTI-55),  277 , 278 
(3-endorphins,  236 

opioid  reinforcement  and,  262 
pain  and,  261 
release  of,  253-254, 254 
Beta-blockers,  136 


(3-receptors,  134, 405 
P2  receptors,  306,  308 
Beta-receptors,  down-regulation  and, 
406 

BFCS.  See  Basal  forebrain  cholinergic 
system 

Bicuculline,  179,  234 
Binding,  7 

radioligand,  95-97, 97 
See  also  Depot  binding 
Binge  drinking,  237, 238, 239 
Bioavailability,  7, 17-20 
of  morphine,  248 
Biogenic  amines,  120 
Biological  rhythms,  depression  and, 
390-392, 392 
Biopsychosocial  model 

of  drug  addiction,  207-212 
for  drug  treatment,  266-267 
Biotransformation,  7, 18-20 
factors  influencing,  18-20 
by  liver  microsomal  enzymes,  17-18 
types  of,  18, 18 
Bipolar  cell,  45 
Bipolar  disorder,  387 

alternative  therapies  for,  401 
incidence  of,  387 
lithium  carbonate  for,  399-400 
manic  episodes,  385,  387,  387,  388, 
402 

role  of  heredity  in,  387,  389 
stress  and,  389-390 
Birth  control  pills,  drug  interaction,  3 
Black  Leaf,  3 1 1 
Blackouts,  224,  232 
Black  widow  spider  venom,  140, 151 
Blood  alcohol  concentration  (BAC), 
218 

body  weight  and,  221-222, 222 
effects  on  behavior,  228 
Blood-brain  barrier,  13-15 
cocaine  and,  278 
injection  methods  and,  10 
Blood  levels  of  drug,  10 
Body  surface  area,  drug  absorption 
and,  13 
Body  weight 

blood  alcohol  concentration  and, 
221-222, 222 
nicotine  and,  310 
Botulinum  toxin,  69, 140, 142, 151 
BP  897, 285,  289 
B-process,  202 


Brain 

amphetamine  use  and  damage  to, 
295-296,  296 

anatomy  of  cholinergic  pathways  in, 

145 

distribution  of  cannabinoid  recep- 
tors in,  331,  331 

distribution  of  muscarinic  receptors 
in,  148 

distribution  of  nicotinic  cholinergic 
receptors  in,  306 
dopaminergic  cell  groups  in, 
124-132, 132 

effects  of  alcohol  on,  228,  228 
effects  of  cocaine  on,  289-290 
imaging  psychostimulant  action  in 
humans,  283-284 
imaging  structure  and  function  of, 
100-104, 104 

inhalant  toxicity  and,  368-369,  369 
pain  and,  258,  258 
schizophrenia  and  abnormalities  in, 
458-459, 459 

serotonergic  system,  155, 155 
Brain-derived  neurotrophic  factor 
(BDNF),  76 

depression  and,  407-408, 408 
Brain  electrical  activity  mapping 
(BEAM),  104 
Brain  injury 

epilepsy  and,  46-47 
marijuana  therapy  for,  334,  335 
Brain  stem,  55,  56 
Breaking  point,  115, 198 
Bretazenil,  428 
Brevital  (methohexital),  422 
Brief  Psychiatric  Rating  Scale,  362 
Broad-spectrum  antipsychotics, 
456-457 

Bromperidol,  451 

Brookhaven  National  Laboratory,  368 
Bulimia,  395 

Buprenorphine  (Buprenex),  248,  270 
Bupropion  (Wellbutrin,  Zyban),  318, 
318,  343,  395 
Bureau  of  Narcotics,  327 
Bush,  George  W.,  327 
Buspirone  (BuSpar),  109, 158, 160, 
428-429, 429, 430, 437 
Butaclamol,  451 
1,4-Butanediol,  370 
Butane  gas,  367 
Butyl  nitrite,  367 


534  Subject  Index 


Butyrophenones,  447, 450-451 

C 

Cade,  J.,  399 
Caffeine,  22 

abuse  potential  of,  323 
action  mechanisms  of,  321-323 
alertness  and,  209 
as  antagonist,  80 
behavioral  effects  of,  320-321 
biological  activity  of,  24,  24 
cigarette  smoking  and,  19 
classification  of,  195 
cocaine  and,  281 
dependence  and,  321 
pharmacology  of,  319-320 
physiological  effects  of,  320-321 
as  reinforcer,  114 
sources  of,  319 
structure  of,  319 
tolerance  to,  28,  321 
Caffeinism,  323 
Cajal,  Ramon  y,  45 

Calcium/calmodulin  kinase  (CaMK), 
76,  76 

Calcium/calmodulin  protein  kinase 
(CaMKII),  170 
Calcium  ions 

NMDA  receptors  and,  167, 167 
as  second  messengers,  74, 76, 76 
CaMK.  See  Calcium/calmodulin  kinase 
cAMR  See  Cyclic  adenosine  mono- 
phosphate 

Candidate  genes,  461 
Cannabidiol,  329 
Cannabinoid  agonists,  331-332 
Cannabinoid  receptor,  331 
Cannabinoids,  328 

drug  reinforcement  and,  209 
endogenous  ligands,  180,  332-333 
See  also  Marijuana 
Cannabinol,  329 
Cannabis  sativa.  See  Marijuana 
Capillaries,  blood-brain  barrier  and, 
14-15, 15 

Carbamazepine  (Tegretol),  3, 19,  23, 
401 

Carbolith.  See  Lithium  carbonate 
Carbon  monoxide  (CO),  77 
Case-control  method,  240 
Case  of  the  Frozen  Addicts , The 
(Langston  & Palfreman),  119 
Catabolic,  379 

Catalepsy,  110, 129, 129,  372, 446 


Cataplexy,  370 

Catatonic  schizophrenia,  444 
Catecholamine  neurotoxin  6-hydroxy- 
dopamine  (6-OHDA),  200 
Catecholaminergic  neurons,  121 
Catecholaminergic  system,  ampheta- 
mines and, 294-295 
Catecholamines 

inactivation  of,  121, 123-124 
release  of,  121-123 
role  in  anxiety,  434 
storage  of,  121-123 
structural  features  of,  120 
synthesis  of,  120-121, 121 
transport  of,  153 
Catechol-O-methyltransferase 
(COMT),  124, 154 
Catha  edulis  (khat),  293,  293 
Cathinone,  292,  292 
Caudal,  49 
Caudate  nucleus,  57 

obsessive-compulsive  disorder  and, 
419 

CBj  receptors,  331 
CB2  receptors,  331 
Cell  death,  173-174, 174 
Cell  membranes,  11, 12,  37-38 
Central  Intelligence  Agency  (CIA),  use 
of  LSD  by,  352 

Central  nervous  system  (CNS) 
alcohol  effects  on,  224,  226,  228 
assessing,  90-105, 105 
cholinergic  neurons  and,  144-146 
diencephalon,  57-58 
divisions  of,  54-59,  59 
inhalant  effects  on,  367-368 
mesencephalon,  57 
metencephalon,  55-57 
myelencephalon,  55 
opiate  effects  on,  248-249 
spinal  cord,  54-55,  55 
structural  features,  53-54 
telencephalon,  58 

Central  nervous  system  depressants, 
22,  420, 421 

Central  nervous  system  stimulants,  22 
Central  sulcus,  59 
Cerebellar  peduncles,  56-57 
Cerebellum,  55,  56,  56 
Cerebral  atrophy,  schizophrenia  and, 
458 

Cerebral  cortex,  59-60,  60 
Cerebrospinal  fluid  (CSF),  53 


distribution  of,  14, 14 
Cesamet  (nabilone),  334 
C-fos  protein,  101 
CFT  (WIN  35,428),  277, 278 
cGMR  See  Cyclic  guanosine  mono- 
phosphate 

Challenge  studies,  403 
ChAT.  See  Choline  acetyltransferase 
Chemical  lesions,  91 
Chemical  name,  8 
Chemical  signaling,  64-65 
discovery  of,  63-64 
Chemical  trigger  zone  (CTZ),  15 
Chinese,  use  of  herbal  remedies  by,  4 
Chippers,  316 

Chlordehydromethyltestosterone 
(Oral-Turinabol),  376 
Chlordiazepoxide  (Librium),  109, 114, 
242,418,  423,423 
Chloride  ions,  40-42,  74 
Chlorimipramine,  403 
Chlorpheniramine,  361 
Chlorpromazine  (Thorazine),  23 
discovery  of,  369 
prepulse  inhibition  and,  449 
receptor  binding  and,  451,  452 
for  schizophrenia,  445, 447, 447 
side  effects  of,  455 
Choline,  140 

Choline  acetyltransferase  (ChAT),  140, 

140 

Cholinergic  system,  163 

acetylcholine  receptor  subtypes, 
146-150 

Alzheimer’s  disease  and,  148-149 
anatomy  of  brain  pathways,  145 
basal  forebrain,  145-146 
drugs  and  toxins  affecting,  151 
organization  and  function  of, 
144-151 

peripheral  and  tentral  nervous  sys- 
tems and,  144-146 
See  also  Acetylcholine 
Choline  transporter,  141 
Chondrodendron  tomentosum,  147 
Chromaffin  cells,  81 
Chromosomes,  36 
Chronic  alcoholism,  238 
CI-581.  See  Ketamine 
CIA.  See  Central  Intelligence  Agency 
Ciba  Specialty  Chemicals,  376 
Cigarette  smoking,  313-319 
adolescents  and,  341 


Subject  Index  535 


behavioral  interventions  for,  317 
consumption  levels  in  U.S.,  313,  313 
gateway  theory  of  drug  use  and, 
192-193 

health  effects  of,  316-317 
incidence  and  user  profile,  313-314, 

314 

influence  on  drug  metabolism,  19 
nicotine  pharmacology  and, 
304-306 

placental  barrier  and,  16 
progression  in  smoking  behavior, 
314,314 

reasons  for,  3 1 4-3 1 6 
role  of  nicotine  in,  315-316 
treatment  interventions  for, 
317-319,319 
Cingulate,  58 
Cingulate  cortex,  59 
pain  and,  258 
Cingulate  gyrus,  56 
Circadian  rhythms,  depression  and 
abnormal,  390 
Citalopram,  283 

Classical  conditioning,  28, 29-30,  30, 
169 

Claviceps  purpurea , 351 
Clinical  testing,  109 
Clofluperol,  451 

Clomipramine  (Anafranil),  397, 429, 
429 

Clonidine,  135 

action  mechanism,  79 
antianxiety  effects  of,  434 
for  hypertension,  136 
noradrenergic  system  and,  136 
for  opiate  withdrawal,  123,  269 
Cloning,  104 
Clonzepam,  431 
Clorgyline,  403 
Clostridium  botulinum , 142 
Clozapine  (Clozaril),  447, 456-457 
extrapyrimidal  side  effects  and,  454 
prepulse  inhibition  and,  449 
receptor  binding  and,  451 
for  schizophrenia,  159 
side  effects  of,  455 
Club  des  haschischinsj  Le , 329 
Club  drug,  370 

CNS.  See  Central  nervous  system 
CO.  See  Carbon  monoxide 
Co-agonist,  168 
Coca  chewing,  276, 276 


Coca  Cola,  277 , 277 
Cocaethylene,  279 
Cocaine,  22, 124 

abstinence  syndrome,  288 
abuse  of,  286-291 

action  mechanism,  71,  79,  279-280, 

280 

addiction  to,  190, 197, 197 
administration  route  and  plasma 
concentrations  of,  278-279, 

279 

adverse  reactions  and,  373 
amphetamine  and,  281, 282 
behavioral  effects  of,  280-285 
caffeine  and,  281 
chemical  structure  of,  277, 278 
classification  of,  195 
“crack,”  188, 192,  277, 278, 278,  281 
dopamine  and,  131,  282-285 
dopaminergic  system  and,  132 
early  experimentation  on,  286 
effects  on  brain  structure,  289-290 
effects  on  noradrenergic  system, 
136 

endocannabinoid  system  and,  340 
euphoria  and,  275,  280 
glucocorticoids  and,  84 
half-life  of,  18,  279 
health  effects  of,  281,  281,  288 
historical  use  of,  187, 188 
history  of,  276-277 
incidence  of  use,  277 
injection  of,  8 
pharmacology  of,  277-279 
physiological  effects  of,  281-285 
placental  barrier  and,  16 
positive  reinforcement  model  and, 
198, 199 

as  reinforcer,  114 
reward  mechanism  and,  200-201 
sensitization  and,  30 
serotonin  and,  283 
snorting,  185 
street  names,  8 
stress  and  response  to,  85-86 
sympathetic  nervous  system  and, 
281 

tolerance  to,  28 
topical  application  of,  10 
treatment  for  abuse/dependence, 
288-291 

Cocaine  Anonymous,  291 
Cocaine  binges,  278,  286,  287 


abstinence  syndrome  and,  288 
Cocaine  bugs,  288 
Cocaine  psychosis,  288 
Codeine,  22,  247 

dose-response  curve,  24—25, 25 
early  use  of,  187 
molecular  structure  of,  247 
potency  of,  251 
receptor  binding  by,  249 
as  reinforcer,  114 
Coding  region,  36 
Coffea  arabica  (coffee),  319 
Cogentin  (benztropine),  144,454 
Cognex  (tacrine),  149 
Cognitive  behavior  therapies,  291,  342 
Cognitive  deficits 

marijuana  use  and,  337,  337 
MDMA  use  and,  299, 299 
Cognitive  function 

cocaine  abuse  and,  290 
nicotine  and,  307-308,  308 
role  of  acetylcholine  in,  145 
College  students,  alcohol  drinking  pat- 
terns, 238-239 
Commit  Lozenges,  317 
Common  syndrome  theory,  193 
Community  Reinforcement  Approach 
(CRA),  242, 291 
Comorbidity,  210 
Competitive  antagonists,  26 
Comprehensive  Drug  Abuse  Preven- 
tion and  Control  Act  (1970),  189 
Compulsions,  416, 417 
Computerized  tomography  (CT), 
101-102, 102 

COMT.  See  Catechol-O-methyltrans- 
ferase 

Comtan  (entacapone),  124 
Concentration  gradient,  11,41 
Conditioned  emotional  response, 
112-113 

Conditioned  place  preference,  1 13 
Conditioned  response,  29 
Conditioned-response  suppression, 
418 

Conditioned  stimulus  (CS),  201 
Conditioned  withdrawal,  197, 197 
Conflict  procedure,  418 
Conflict  test,  114 
Confusion -ataxia,  144 
Conocybey  348 
Construct  validity,  108 
Context-specific  tolerance,  28-30 


536  Subject  Index 


Continuous-reinforcement  (CR)  schedule,  198 
Continuum  of  drug  use,  191-192, 192 
Control,  loss  of,  204 

Controlled  Substances  Act  (1970),  188, 189, 192,  329 

Convergence,  35 

Copelandia,  348 

Coronal  sections,  50 

Corpus  callosum,  56,  59 

Correlational  relationship,  108 

Cortex,  MDMA  effects  on,  299 

Cortical-striatal-pallidal-pontine  circuit,  448 

Cortical-striatal-thalamic  circuit,  hallucinations  and,  356 

Corticosterone,  81 

Corticotropin-releasing  factor  (CRF),  66 
role  in  anxiety,  435-436, 436 
stress  and,  389-390,  390 
Corticotropin-releasing  hormone  (CRH),  82,  84 
Cortisol,  81 

depression  and,  389-390, 406-407 
post-traumatic  stress  disorder  and,  416, 416 
stress  response  and,  436 
Cotinine,  304,  305 
Cough  syrup,  361 
Counteradaptation,  203 

CRA.  See  Community  Reinforcement  Approach 
“Crack”  cocaine,  188, 192,  277 , 278,  278 
thalamic  hemorrhage  in  user  of,  281 
Cranial  nerves,  48,  50,  51 
Craving,  190,  202 
for  cocaine,  288 

conditioned  withdrawal  and,  197 
explanation  of,  204 
relapse  and,  269 

Creativity,  mood  disorders  and,  388 
CREB.  See  Cyclic  adenosine  monophosphate  (cAMP) 
response  element  binding  protein 
CRF.  See  Corticotropin-releasing  factor 
CRH.  See  Corticotropin-releasing  hormone 
Cross  dependence,  223,  263,  269 
Cross  sensitization,  3 1 

Cross-tolerance,  19,  27,  28,  222, 262-263,  269 
CR  schedule.  See  Continuous-reinforcement  schedule 

CS.  See  Conditioned  stimulus 
CSF.  See  Cerebrospinal  fluid 

CT.  See  Computerized  tomography 
CTZ.  See  Chemical  trigger  zone 
Culture 

experimental  drug  use  and,  208 
phobia  and,  415 
Curare,  3 
Cyclazocine,  270 

Cyclic  adenosine  monophosphate  (cAMP) 
adrenoreceptors  and  synthesis  of,  134 


associated  protein  kinase,  76,  76 
dopamine  receptors  and,  128 
muscarinic  receptors  and,  148 
opioid  tolerance  and,  97,  256 
Cyclic  adenosine  monophosphate  (cAMP)  cascade,  407 
Cyclic  adenosine  monophosphate  (cAMP)  response  ele- 
ment binding  protein  (CREB),  407-408 
Cyclic  adenosine  monophosphate  (cAMP)  system,  265 
Cyclic  guanosine  monophosphate  (cGMP),  76,  76,  78 
Cycling,  anabolic  steroid,  378 
Cyclohexyl  nitrite,  367 
Cyclothemia,  388 
Cylert  (pemoline),  297 
Cynophobia,  415 
Cytochrome  P450, 18,  221 
Cytochrome  P450  2A6  (CYP2A6),  305 
Cytoplasm,  35,  35 
Cytoskeleton,  36 
D 

DA.  See  Dopamine 

Darvon  (propoxyphene),  248 

DAT.  See  Dopamine  transporter 

Date  rape  drug,  370,  371 

DAWN.  See  Drug  Abuse  Warning  Network 

DBH.  See  Dopamine  (3-hydroxylase 

DBI.  See  Diazepam  binding  inhibitor 
DEA.  See  Drug  Enforcement  Administration 
Deadly  nightshade  (Atropa  belladonna ),  150, 150 
Deep  brain  stimulation  therapy,  89,  94,  95 
Dehydroepiandrosterone  (DHEA),  181 
Delayed-response  test,  112, 112 

Delirium  tremens,  224 
8-receptors,  250,  252, 252 
endogenous  ligands  for,  255 
Delusions,  442-443 
Delysid,  351 

Dementia,  defined,  148.  See  also  Alzheimer’s  disease 

Demerol  (meperidine),  22, 1 19,  248,  249 

Dendrites,  34,  35-36, 36 

Dendritic  spines,  35-36,  36 

Dendritic  trees,  35 

Denial,  of  alcoholism,  241 

2-Deoxyglucose  autoradiography,  101 

Depakote  (valproate),  23,  401 

Dependence 

alcohol,  223-224 

anabolic  steroids  and,  380-382 

caffeine,  321 

cocaine,  286 

cross,  223,  263, 269 

drug  classification  and,  195 

ketamine,  362 

marijuana,  341-343 
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neuroleptic,  455-456 
nicotine  and  chronic,  310-312 
opiate,  263-264 
physical,  263 

role  of  NMDA  receptors  in, 

267-268 

selective  serotonin  reuptake 
inhibitors  and,  398 
See  also  Drug  abuse/addiction 
Depolarization,  42, 42, 43-44 
Depolarization  block,  147 
Depo-Provera  (medroxyprogesterone), 
9 

Depot  binding,  7,  16-17, 26 

effect  on  therapeutic  outcome,  16 
Depression.  See  Major  depression 
Deprivation  reversal  model,  314-315 
Descending  modulatory  pathways,  259, 
260 

Desensitization 

of  cannabinoid  receptors,  342,  342 
of  nicotinic  receptors,  147, 147 
Desipramine  (Norpramine),  136,  288, 
395, 397, 429, 429 
Desmethylimipramine,  403 
Detoxification/detoxified,  197,  242, 

263, 269 

Dexamethasone,  390,  393 
Dexanabinol  (HU-211),  335 
Dexedrine  (dextroamphetamine),  17, 
297, 298 

Dexfenfluramine,  156-157, 157 
Dexmedetomidine  (Precedex),  134 
Dextroamphetamine  (Dexedrine),  17, 
297, 298 

Dextromethorphan,  360-361 
Dextromoramide,  251 
Dextrorphan,  361 

DHEA.  See  Dehydroepiandrosterone 
DHT.  See  Dihydrotestosterone 
Diacetylmorphine.  See  Heroin 
Diagnostic  and  Statistical  Manual  of 
Mental  Disorders 
on  affective  disorders,  386 
on  alcohol  abuse,  237 
on  anabolic  steroids,  380,  386 
on  caffeine,  323 
on  cocaine,  288 
on  flashbacks,  357 
on  marijuana  use,  341 
psychiatric  disorders  classification, 
190 

on  schizophrenia,  444 


Diamorphine,  251 
Dianabol,  376 

Diazepam  binding  inhibitor  (DBI), 
181,433 

Diazepam  (Valium),  8 

abstinence  effect  and,  428,  428 
for  detoxification,  242 
drug  competition  and,  19 
effect  on  chloride  flux,  430-431, 431 
GABAa  receptors  and,  1 80 
metabolism  of,  18,  424 
plasma  protein  binding  and,  17 
potency  of,  418 
structure  of,  423 
Diencephalon,  57-58 
Diffusion,  passive,  1 1 
Digenea  simplex,  167 
Digitalis  purpurea  (digitalis),  5 
Dihydromorphine,  249 
Dihydrotestosterone  (DHT),  378 
3,4-Dihydroxyphenylacetic  acid 
(DOPAC),  234, 235 
5,7-Dihydroxytryptamine  (5,7-DHT), 

157. 160 

Dilaudid  (hydromorphone),  248 
l-(2,5-Dimethoxy-4-iodophenyl)-2- 
aminopropane  (DOI),  159, 160 
Dimethoxy-methamphetamine 
(DOM),  354 
Diphenhydramine,  426 
Diplopteris  cabrerena , 350 
Discriminative  stimuli,  drugs  as,  115 
Discriminative  stimulus  effects,  209 
Disease,  defining,  205-206 
Disease  Concept  of  Alcoholism,  The 
( Jellinek),  204 

Disease  model  of  drug  addiction, 
204-207, 207 

Dissociative  anesthesia,  359 
Distillation,  217 
Disulfiram  (Antabuse),  242 
Divalproex,  343 
Divergence,  35 

Dizocilpine  (MK-801),  169,  267-268 
DMT,  348,  350 
DNA  chips,  99-100 
DNA  microarrays,  99-100, 461-462 
DOI  [l-(2,5-dimethoxy-4- 

iodophenyl)-2-aminopropane], 

159. 160 

DOM.  See  Dimethoxy-methampheta- 
mine 

Domoic  acid,  174 


Donepezil  (Aricept),  149 
Doogie  mouse,  163, 164,  172, 172 
Doors  of  Perception,  The  (Huxley),  348 
DOPA,  132 

DOPAC  (3,4-dihydroxyphenylacetic 
acid),  234, 235 

Dopamine  autoreceptors,  123 
Dopamine  (3-hydroxylase  (DBH),  120, 

121 

Dopamine  (DA) 

alcohol  effects  on,  234-235,  235, 
236 

amphetamines  and,  294-295, 295 
balance  with  acetylcholine,  144 
baseline  release  and  reinforcing 
effects  of  psychostimulants  on, 
284,  284 

chemical  structure  of,  292 
cocaine  and,  279-280,  282-285 
cocaine  use  and,  288,  288 
inhalants  and,  368 
MAO -Is  and,  395 
metabolites  of,  124 
as  neurotransmitter,  66 
Parkinsons  disease  and,  78,  120 
phencyclidine  and,  359-360 
reward  mechanisms  and,  200-20 1 
role  in  anxiety,  436 
role  in  Parkinson  s disease,  126 
schizophrenia  and,  444 
transmission  of,  124 
Dopamine-glutamate  hypothesis  of 
schizophrenia,  446 
Dopamine  hypothesis  of  schizophre- 
nia, 446, 449, 463-465 
Dopamine  imbalance  hypothesis  of 
schizophrenia,  465 
Dopamine  pathways,  125-128 
neuroleptics  and,  453 
opioid  reinforcement  and,  261-262 
Dopamine  receptor  agonists,  129-132 
Dopamine  receptor  antagonists, 
129-132 

Dopamine  receptors,  130-131 
beta,  134,  306,  308,405 
Dj  receptors,  285 

D2  receptors,  63, 285, 452, 452, 454, 
456 

D3  receptors,  285 
D4  receptors,  456 
neuroleptics  and,  451-453 
psychostimulants  and,  285 
subtypes,  128-129,  285 
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Dopaminergic,  120 
Dopaminergic  neuron,  123 
Dopaminergic  system 

dopamine  receptor  agonists  and 
antagonists,  129-132 
dopamine  receptor  subtypes, 
128-129 

dopaminergic  cell  groups  in  mid- 
brain, 124-128 
drugs  affecting,  132 
organization  and  function  of, 
124-132 

using  gene  knockout  animals  to 
study,  130-131 

Dopamine  system  stabilizers,  457 
Dopamine  transporter  (DAT),  123, 
282-285 
Dorsal,  49 

Dorsal  raphe  nucleus,  56, 155 
Dose-response  curves,  24-25, 25 
caffeine,  320 
marijuana,  334 
Doses 

effective,  24 
threshold,  24 
Dot  blot,  96,  99 
Double-blind  experiment,  6 
Down-regulation,  23-24,  28,  356, 406 
Doxylamine,  426 
Drink  Safe  Coaster,  371 
Driving  while  intoxicated,  224,  226, 
226 

Dronabinol  (Marinol),  334 
Droperidol,  451 
Drosophila  melanogaster,  69 
Drug  abuse/addiction 

abuse  potential  of  drugs,  195, 195 
biopsychosocial  model  of,  207-212 
as  chronic  behavioral  disorder, 
190-191 

continuum  of,  206-207 
defining,  190 

disease  model  of,  188,  204-207,  207 
DSM-IV  criteria  for,  190, 191 
environmental  cues  and,  265-266 
exposure  models  of,  204,  205,  207 
functions  served  by,  21 1 
gateway  theory  of,  192-193,  341 
historical  trends  in,  186-188 
incentive-sensitization  model  of, 
202-204, 204 
incidence  of  drug  use,  186 
measuring  potential  of,  1 14 


medicalization  of,  188 
medical  model  of,  238 
moral  model  of,  205 
most  addictive  drugs,  192-196 
opiate,  263-264 
opponent-process  model  of, 
202-204,  204 
paradox  of,  1 86 
physical  dependence  model  of, 
196-198, 198 

positive  reinforcement  model  of, 
198-199, 199 

progressions  in  use,  191-193 
protective  factors  for , 211-212 
recovery  from,  2 1 1-2 1 2 
reward  mechanism  and,  200-201 
risk  factors  for,  210-211 
See  also  Dependence;  Drugs  of 
abuse 

Drug  Abuse  Warning  Network 
(DAWN),  373 
Drug  action,  4,  6 

administration  routes  and,  7-10 
biotransformation  and,  17-20 
defined,  4 

depot  binding  and,  16-17 
modifying  absorption  of,  11-13 
phamacokinetic  factors  determin- 
ing, 7-21 

Drug  clearance,  17, 17 

Drug  competition,  19 

Drug  depots,  16 

Drug  detoxification,  197 

Drug-discrimination  procedure,  355 

Drug  disposition  tolerance,  28, 222 

Drug  distribution 

blood-brain  barrier  and,  13-15 
placental  barrier  and,  15-16 
Drug  effects,  4 

Drug  Enforcement  Administration 
(DEA),  189,  296, 424 
Drug  inactivation,  7 
Drug-Induced  Rape  Prevention  and 
Punishment  Act  (1996),  371 
Drug  interaction,  3 
Drug-receptor  interactions,  21-27 
dose-response  curves,  24-25,  25 
extracellular  and  intracellular  recep- 
tors, 21-24 

receptor  antagonists,  25-27 
therapeutic  index,  25 
Drugs 

categories  of,  22-23 


development  and  testing  of,  109 
as  discriminative  stimuli,  115 
effects  on  axon  conduction,  44-45 
ionized,  11-12 

legal  issues  regarding,  188-190 
legalization  of,  188 
lipid-soluble,  1 1 
naming,  8 
psychoactive,  1 1 

time  course  of  blood  level  of,  10, 10 
Drug  safety,  therapeutic  index  and,  25, 
25 

Drug  self- administration,  198, 198 
Drugs  of  abuse 

aversive  effects  of,  209-210 
positive-reinforcing  effects  of, 
208-210 

Drug  subculture,  211 
Drug  testing,  3 
Drug  use 

behavioral  effects  of  chronic,  27-3 1 
continuum  of,  191-192, 192 
gateway  theory  of,  192-193 
propensity  for,  193 
Dry-mouth  effect,  149-150 
Dual  NE/5-HT  modulators,  398-399 
Dura  mater,  53 
Dynorphins,  255 
Dysphoria,  203,  204,  248 
E 

EAAT  (excitatory  amino  acid  trans- 
porter) 1-5, 165, 166 
Eating  behavior,  adrenergic  agonists 
and,  134-135 
Ebers  Papyrus,  4 
Ecopipam,  285 

ECT.  See  Electroconvulsive  therapy 
Ectasy.  See  MDMA 
ED50  (50%  effective  dose),  24,  25, 25 
Edeleano,  293 
Educational  performance 
marijuana  use  and,  343 
tobacco  use  and,  313-314 
EEG.  See  Electroencephalography 
Effective  dose,  24 
Effector  enzymes,  74-75 
Efficacy,  23 

Eighteenth  Amendment  (1920),  188, 
189,217 

Elavil  (amitriptyline),  23, 297,  395,  403 
Electrical  self-stimulation,  115 
Electrical  transmission,  40-45 
action  potentials  and,  43-44, 45 
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drugs/poisons  and  alteration  of, 
44-45 

ion  distribution  and,  40-41, 41 
local  potentials  and,  41-43, 43 
Electroconvulsive  therapy  (ECT) 
action  mechanism,  399 
effects  on  serotonin  neurons,  403 
side  effects  of,  395,  399 
Electroencephalography  (EEG),  46-47, 
103-104, 104 

Electrolytic  lesions,  91, 173 
Electrophysiologi.cal  stimulation  and 
recording,  94-95, 95 
Electrostatic  pressure,  41 
Elevated  plus-maze,  1 12, 418, 432 
Emotions,  schizophrenia  and,  443 
Empirical  validity,  108 
Enablers,  241 

Endocannabinoids,  331-332 
Endocrine  communication,  synaptic 
vs.,  80-81,81 
Endocrine  system,  80-81 
endocrine  glands,  81-83,  83 
hormonal  action  mechanisms,  84 
hormonal  secretion,  81-83 
importance  to  pharmacologists,  84, 
86 

Endocytosis,  69-70 
Endogenous  ligand,  180-181.  See  also 
Endorphins;  Enkephalins 
Endomorphins,  253, 255 
Endorphins  (endogenous  opioids),  66, 
180, 235-237 

discovery  of,  235,  253-254 
function  and  location,  255 
inhibitory  action  of,  254-256,  256 
localization  of,  253-254 
pain  and,  260, 261 
schizophrenia  and,  467 
Endozepines,  181,433 
Enkephalins,  66,  180-181, 236, 253 
function  and  location,  255 
mRNA  for,  99 
Entacapone  (Comtan),  124 
Entactogen,  296 
Environment 

drug  metabolism  and,  19 
drugs  of  abuse  and,  209 
schizophrenia  and,  462 
tolerance  and  cues  from,  265-266 
Enzymes,  37 

assays  of  activity,  97 
cytochrome  P450, 18,  19 


effector,  74-75 
induction  of,  18-19 
inhibition  of,  19 
microsomal,  18 
naming,  120 
rate-limiting,  120 
Ephedra  vulgaris , 293 
Ephedrine,  5, 292,  293 
EPI.  See  Epinephrine 
Epidural  injection,  10, 11 
Epilepsy,  46-47 

benzodiazepines  for,  424 
sedative-hypnotics  for,  421 
tiagabine  for,  177 

Epinephrine  (EPI),  81, 120,  310, 434 
EPSPs.  See  Excitatory  postsynaptic 
potentials 

Equilibrium  potential,  41 
Ergot,  351 
Ergotism,  351 
Erlenmeyer,  A.,  277 
Erythroxylon  coca,  276 
Eserine  (physostigmine),  15, 79, 
141-142, 143, 151 
Eskalith.  See  Lithium  carbonate 
Estradiol,  82,  378 
Estrogens,  82 

Ethanol,  131, 179,  340,  368 
Ethnicity,  tobacco  use  and,  313 
Ethyl  alcohol,  17,  22, 114,  217, 217.  See 
also  Alcohol 
Etizolam,  428 
Etorphine,  249,  251 
Euphoria,  199,  202, 203,  209 
amphetamine  and,  285 
cocaine  and,  275, 280 
gamma-hydroxybutyrate,  370 
inhalant,  367 
morphine,  248 
Event-related  potentials,  104 
Evipal  (hexobarbital),  421, 421 
Excitatory  amino  acid  neurotransmit- 
ters, 164.  See  also  Aspartate;  Gluta- 
mate 

Excitatory  amino  acid  transporter.  See 
EAAT  1-5 

Excitatory  postsynaptic  potentials 
(EPSPs),  42, 43,  44 
Excito toxicity  hypothesis,  173-175 
Excitotoxic  lesions,  173 
Excretion,  of  drug,  7,  20 
Exelon  (rivastigmine),  149 
Exocytosis,  67-68,  68 


Expectancy 

alcohol  and,  224, 225 
marijuana  and,  335-336 
Experience 

aggression  and  early,  227 
stress  response  and  early,  436-437 
Experiment,  double-blind,  6 
Exposure  models  of  drug  addiction, 
204,  205,  207 
Expression,  287 

Expression  phase,  of  long-term  poten- 
tiation, 170 
Extracellular  fluid,  35 
Extracellular  receptors,  21-24 
Extracellular  recording,  95, 95 
Eye- movement  dysfunctions,  schizo- 
phrenia and,  459 
F 

FAAH.  See  Fatty  acid  amide  hydrolase 
Face  validity,  108 
Facial  nerve,  51 

Family,  drug  abuse/addiction  and,  211 
Family  studies,  of  schizophrenia,  460 
FAS.  See  Fetal  alcohol  syndrome 
Fatty  acid  amide  hydrolase  (FAAH), 
332 

Fatty  liver,  230,  230 
Faulkner,  James,  303 
FDA.  See  Food  and  Drug  Administra- 
tion 
Fear,  413 

measures  of,  112-113 
Fear-potentiated  startle,  113 
Federal  Trade  Commission  (FTC),  315 
Feeding  behavior,  dopamine  and,  130 
Fenestrations,  14 

Fenfluramine,  79,  84,  86,  86,  154,  156, 
157,  158, 160 
Fen-Phen,  156-157 
Fentanyl,  22 
Fermentation,  217 
Fetal  alcohol  syndrome  (FAS), 
107-108,219,  220-221 
First-order  kinetics,  17 
First-pass  effect,  8 
Fissures,  59 

Fixed-ratio  (FR)  schedule,  113-114, 
198 

Flashbacks 

amphetamine,  295 
hallucinogens  and,  357 
marijuana,  335 

Flowers  for  Algernon  (Keyes),  163 
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Fluanisone,  451 

Flumazenil  (Romazicon),  181, 423, 426 
Flunitrazepam  (Rohypnol),  371, 424, 

431 

Fluoxetine  (Prozac),  17,  23, 154 
action  mechanism,  398 
for  anxiety,  429 
cocaine  users  and,  289 
effect  on  serotonin  neurons,  403 
half-life,  18 

relative  specificity  of,  397 
serotonergic  system  and,  160,  283 
side  effects,  395 

Fluphenazine  (Prolixene),  285, 447, 
447,451 
Fluspirilene,  451 
Fluvoxamine  (Luvox),  429 
fMRI.  See  Functional  MRI 
Focused  stereotypies,  cocaine  and,  281 
Follicle-stimulating  hormone  (FSF1), 
82 

Food  and  Drug  Administration  (FDA) 
botulinum  toxin  and,  142 
creation  of,  188 

drug  development/testing  and,  109 
ephedra  and,  293 
Fen-Phen  and,  156 
GHB  ban  and,  370 
herbal  remedies  and,  5 
mertazapine  and,  398 
preclinical  trials,  109 
Food  intake,  serotonin  synthesis  and, 
152-154 

Food  toxicity,  3,  19 
Forced  swim  test,  392,  392 
Fornix,  56,  59 

Foxglove  (Digitalis  purpurea),  5 
Foxy  tablets,  350,  350 
Freebasing,  278 

Freud,  Sigmund,  on  cocaine,  275, 
276-277 

Frontal  cortex,  benzodiazepine  recep- 
tors in,  433-434, 434 
Frontal  lobes,  56,  59,  59 

effects  of  alcohol  use  on,  228 
effects  of  cocaine  use  on,  290 
obsessive-compulsive  disorder  and, 
419 

Frontal  sections,  50 
FR  schedule.  See  Fixed-ratio  schedule 
FSH.  See  Follicle-stimulating  hormone 
FTC.  See  Federal  Trade  Commission 
Functional  MRI  (fMRI),  102-103 


G 

GABA  aminotransferase  (GABA-T), 
177, 177 

GABAa  receptors,  74, 178-181, 181 
GABAb  receptors,  178, 181-182, 
372-373, 373 
GABAergic  neurons,  178 
GABAergic  system,  178-182 
GABA  (y-aminobutyric  acid),  66, 176 
alcohol  effects  on,  232-234,  236 
anxiety  and,  430-431, 431, 432 
anxiolytics  and,  420 
chemical  structure  of,  370 
drug  reinforcement  and,  209 
GABA  receptors,  74, 178-182, 182, 
372-373,  373 
inactivation  of,  176, 177 
opioid  reinforcement  and,  262 
release  of,  176-177 
synthesis  of,  176, 176 
Gabitril  (tiagabine),  176-177, 401 
GAD.  See  Generalized  anxiety  disorder; 

Glutamic  acid  decarboxylase 
Gage,  Phineas,  92, 92 
Galen,  246 

y-butyrolactone  (GBL),  370, 370 
y-hydroxybutyrate  (GF1B,  Xyrem),  188, 
370 

abuse  of,  373-374 
action  mechanisms,  372-373 
background,  369-370 
behavioral  effects  of,  370-374 
chemical  structure  of,  370 
as  date  rape  drug,  371 
neural  effects  of,  370-374 
overdose  victims,  373,  373 
reinforcement  and,  372 
as  sedating  drug,  370,  372 
street  names,  370 
withdrawal  symptoms  of,  374 
Ganglia,  54 
Ganglion  cell,  45 

Gaseous  transmitters,  66,  66,  77-78 
Gases,  366 

Gastrointestinal  tract,  effects  of  opiates 
on,  249 

Gated  channels,  37,  38 
Gateway  theory  of  drug  use,  192-193, 
341 

GAT-l-GAT-3, 176-177, 177 
GBL.  See  Gamma-butyrolactone 
Gehrig,  Lou,  33 
Genain  quadruplets,  464-465 


Genain  Quadruplets , The  (Rosenthal), 
464 
Gender 

age  of  onset  of  schizophrenia  and, 
442 

alcohol  absorption  and,  219 
alcohol  consumption  and,  238,  239 
comorbid  disorders  with  substance 
abuse,  210 

drug  absorption  and,  13 
drug  metabolism  and,  20 
major  depression  and,  386 
tobacco  use  and,  313,  314 
Gene  chips,  99-100 
Gene  knockout  animals,  130-131 
Generalized  anxiety  disorder  (GAD), 
412-413 

Generalized  seizures,  46 
Gene  replacement,  104-105 
Generic  names,  8 
Genes,  36 

candidate,  461 

drug  abuse/addition  and,  211 
Genetic  engineering,  104-105 
Genetic  polymorphisms,  19 
Genetics 

of  affective  disorders,  387,  389 
of  alcoholism,  239-240 
drug  metabolism  and,  19, 19 
of  panic  disorder,  414, 416 
of  schizophrenia,  460-462 
Gene  transcription,  androgens  and, 
378,  378 
Gepirone,  429 
GFL  See  Growth  hormone 
GHB.  See  Gamma  y-hydroxybutyrate 
Gin,  216,  216 
Ginseng,  6 
Glaucoma,  334 
Glial  cells,  34,  36,  38-39 
function  of,  39,  39 
neurotransmitter  inactivation  and, 
71,71 

Globus  pallidus,  57 
Glossopharyngeal  nerve,  51 
Glucagon,  82 

Glucocorticoid  hypothesis  of  depres- 
sion, 406 

Glucocorticoids,  21,  81-82 
androgens  and,  379 
depression  and  abnormalities  in, 
390,  390 

psychostimulants  and,  85-86 
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stress  and,  436 
Glue  sniffing,  265,  367 
Glutamate,  65-66 

alcohol  effects  on,  232-233,  233, 
236 

in  excitatory  pathways,  166-167 
inactivation  of,  165-166 
ionotropic  receptors  and,  166-169 
metabotropic  receptors  and, 
167-169 
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ACTH  and  (3-endorphin  release 
and,  253-254, 254 
pain  and,  258 
Hypothermia,  159 
I 

Ibotenic  acid,  348 
Ibuprofen  (Advil),  18 
ICC.  See  Immunocytochemistry 
“Ice,”  294 

ICSS.  See  Intracranial  self-stimulation 
IGF-I.  See  Insulin-like  growth  factor 
192  IgG-saporin,  145, 146 
IM.  See  IM  injection 
Imaging  techniques,  101-103 
computerized  tomography, 
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methyl  ester 

Local  potentials,  41-43, 43 
characteristics  of,  47 
Loci,  461 

Locomotor  activity 

dopamine  receptor  agonists  and 
antagonists  and,  129-132 
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Lysis,  173 

M 

Macroelectrodes,  94 
Macroscopia,  179 
Madden,  John,  414 
Magnesium  ions,  NMDA  receptors 
and,  168 

Magnetic  resonance  imaging  (MRI), 
102, 102 

Magnetoencephalography  (MEG),  258 
Major  depression 
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dopaminergic  system  and,  132,  289 
noradrenergic  system  and,  136 
as  reinforcer,  114 
Methylxantines,  22 
Metoprolol,  136, 136 
Metrazol  (pentylenetetrazol),  179 
mGluRl  -mGluR8, 169, 169 
MHPG.  See  3-Methoxy-4-hydroxy- 
phenylglycol 
Mianserin,  403 
Mice 

Doogie , 163, 164, 172, 172 
knockout,  104,  106-107 
transgenic,  104 
Microdialysis,  92-94, 94 
Microelectrodes,  95 
Microglia,  38,  39,  39 
Microinjection,  90-92 
Microsomal  enzymes,  18 
Midazolam  (Versed),  424 
Midbrain,  55,  56 
Midsagittal  sections,  50 
Mirtazapine  (Remeron),  395 
Mistletoe,  5 
Mitochondrion,  35,  64 
Mitran  (chlordiazepoxide),  109 
Mixed  agonist-antagonists,  247 
MK-801.  See  Dizocilpine 
MK-ULTRA,  352 
Monoamine  hypothesis,  401-402 
Monoamine  oxidase  A (MAO-A),  316 
Monoamine  oxidase  B (MAO-B),  316, 
316 

Monoamine  oxidase  inhibitors  (MAO- 
Is),  19, 124,  394,  395-397, 395 
action  mechanism,  395,  396 
for  anxiety  disorders,  429, 430 


dietary  restrictions,  396,  396 
effects  on  locus  coeruleus,  434-435, 

435 

effects  on  serotonin  neurons,  403 
side  effects  of,  395-397,  397 
Monoamine  oxidase  (MAO),  124,  154 
Monoamines,  66,  66, 120.  See  also  Cat- 
echolamines 

Monosodium  glutamate  (MSG),  173, 
173 
Mood 

anabolic  steroids  and,  379-380 
caffeine  and,  320-321,  321 
cigarette  smoking  and,  314 
cocaine  and,  280-281,  281 
inhalants  and,  367 
nicotine  and,  307 
Mood  stabilizers,  23 
Moperone,  451 

Moral  model  of  addiction,  205 
Morphine,  5,  22 
as  agonist,  80 
analgesic  effect  of,  26,  26 
bioavailability  of,  248 
dose-response  curve,  24-25,  25 
endogenous  ligands,  180 
half-life  of,  18 
historical  use  of,  187 
metabolism  of,  18 
molecular  structure  of,  247 
muscarinic  receptors  and 
reward/dependence  and, 
148-149, 149 

positive  reinforcement  model  and, 
198 

for  psychological  pain,  248 
receptor  binding  and,  249 
as  reinforcer,  114 
related  opiates,  247-248 
reward  mechanism  and,  200 
site  of  effects,  4 
tolerance  to,  28,  28,  267-268 
tolerance  to  induced  hyperthermia 
and,  29-30,  30 
withdrawal  symptoms,  263 
See  also  Opiates 

Morris  water  maze,  111-112, 112, 146, 
172,  337,338,338 

Motivational  enhancement  therapy, 
342,  343 

Motor  activity  measures,  110 
Motor  efferents,  48 
Motor  neurons,  45 


546  Subject  Index 


Motor  stereotypies,  281 
MPPP,  119 

MRI.  See  Magnetic  resonance  imaging 
mRNA,  in  situ  hybridization  and,  99 
MSG.  See  Monosodium  glutamate 
Multidimensional  approach  to  drug 
treatment,  270 
Multiple  T-maze,  110 
p-receptors,  236,  250,  252,  252 
cannabinoid  reinforcement  and, 
339 

endogenous  ligands  for,  255 
opiate  withdrawal  and,  265 
Muscarine,  146, 150, 151 
Muscarinic  antagonists,  150 
Muscarinic  receptors,  146, 147-150, 
150 

Muscimol,  178-179,  348 
Muscle  relaxants,  424 
Mushrooms,  magic,  348-349,  349 
Mutations,  targeted,  104 
Myasthenia  gravis,  15, 142-143, 143 
Myelencephalon,  55 
Myelin,  35,  36 

glial  cells  forming,  39 
Myelin  sheath,  36 
N 

Nabilone  (Cesamet),  334 
nAChRs.  See  Nicotinic  cholinergic 
receptors 

Na+-K+  pump,  41, 43 
Nalbuphine  (Nubain),  247-248, 251 
Nalmefene  (Revex),  270 
Naloxonazine,  339 
Naloxone  (Narcan) 

drug  antagonism  and,  26,  26,  236, 
249,  250 

for  drug  treatment,  270 
heroin  overdose  and,  245 
molecular  structure  of,  247 
Naltrexone  (Trexan),  236,  242-243, 
243,  270,  339 

Nandrolone  decanoate,  376 
Nandrolone  phenylpropionate,  376 
Naproxen  (Aleve),  18 
Narcan.  See  Naloxone 
Narcolepsy,  4, 98,  293,  295,  370 
Narcotic  analgesics,  246.  See  also 
Opiates 
Narcotics,  22 

Narcotics  Anonymous,  188,  204,  271, 
291 

Narcotine,  247 


Nardil  (phenelzine),  79, 124, 132, 136, 
395,  395,  429 

National  Comorbid  Survey,  412 
National  Geographic,  241 
National  Household  Survey  of  Drug 
Abuse,  238 

National  Household  Survey  on  Drug 
Use  and  Health,  340,  342 
National  Institute  of  Drug  Abuse,  335 
National  Institute  of  Mental  Health 
(NIMH),  331,  395 

National  Institute  on  Drug  Abuse,  8, 
188,  195,205,  284,  286,  289 
National  Institutes  of  Health,  151, 188 
National  Survey  on  Drug  Use  and 
Health,  186,  277,313,  360 
Natural  ligands,  for  opioid  receptors, 
254 

Natural  recovery,  211-212 
NBQX  [6-nitro-7-sulfamoyl-benzo(f)- 
quinoxaline-2,3-dione],  167 
NCS-382,  373 
NE.  See  Norepinephrine 
Necrosis,  173, 174 
Needle  freak,  29 
Nefazadone,  343 

Negative  reinforcement,  115-116 
Negative  symptoms,  of  schizophrenia, 
444 

Nembutal.  See  Pentobarbital 
Neostigmine  (Prostigmin),  15,  142, 
143,  147, 151 
Neosynephrine,  135-136 
Nerve  gas,  139, 143 
Nerve  growth  factor  (NGF),  76 
Nerves,  54 

cranial,  48,  50,  51 
spinal,  48, 49 
Nervous  system 

central  nervous  system.  See  Central 
nervous  system 
glial  cells,  34,  38-39 
neurons,  34-37 
organization  of,  47-48 
peripheral  nervous  system,  48-53, 
53 

Neuraxis,  49 
Neuroadaptation,  202 
Neurobiological  factors,  in  alcoholism, 
239-241 

Neurodevelopmental  model  of  schizo- 
phrenia, 465-467, 467 
Neuroendocrine  effects,  of  neurolep- 
tics, 454 


Neurofibrillary  tangles,  148 
Neuroleptic  malignant  syndrome 
(NMS),  454 

Neuroleptics,  447, 450-451 

dopamine  receptor  antagonism  and, 
451-453 

effectiveness  of,  450-451, 451 
neuroendocrine  effects  of,  454 
neuroleptic  malignant  syndrome, 
454 

Parkinsonism  and,  453-454, 454 
pharmacokinetics  of,  450 
side  effects  of,  453-456, 455 
tardive  dyskinesia  and,  454 
Neuromodulators,  67.  See  also  Neuro- 
transmitters 

Neuromuscular  junction,  65 
Neurons,  34-37 
axons,  36 

catecholaminergic,  121 
cell  membrane,  37-38 
dendrites,  35-36 
dopaminergic,  123 
electrical  transmission  within, 

40-45 

external  features  of,  34-37 
glutamatergic,  164 
glutamate  toxicity,  173-175 
inter-,  45, 178 
motor,  45 
parts  of,  35 
projection,  178 
pyramidal,  166 
sensory,  45 

serotonergic,  152, 154, 154, 155 
shapes,  45 
soma,  36-37 
terminal  buttons,  36 
Neuropeptides,  66,  66 

neurotransmission  using,  67,  67 
synthesis  of,  66-&7 
Neuropharmacology 
defined,  4 

research  techniques.  See  Research 
methods 

Neuropsychopharmacology,  defined,  4 
Neurosteroids,  181 
Neurotoxic  lesion,  92 
Neuro toxins,  91,  125 
specific,  92 

Neurotransmitter  receptors,  21,21, 
72-75 

families  of,  72-75 
ionotropic,  73-74,  74 
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metabotropic,  73,  73,  74,  74 
Neurotransmitters,  36,  65-72 
alcohol  effects  on,  236 
categorization  of,  65-66, 66 
criteria  for,  65 

drugs  and  rate  of  synthesis  of, 
78-80, 80 

effects  of  alcohol  on,  232-237 
excitatory  amino  acid,  164 
gaseous,  77-78 
inactivation  of,  71,  71 
mediating  anxiety,  431-437 
neuromodulators,  67 
neurotransmission  and,  67-68,  68 
quantifying  and  locating,  95-100 
rate  of  release  of,  70-71 
release  of,  67-68 
synthesis  of,  66-67, 67 
Neurotrophic  factors,  76 
Neurotrophic  hypothesis  of  depres- 
sion, 407-408 

Neurotrophin-3  (NT-3),  76 
Neurotrophin-4  (NT-4),  76 
NGF.  See  Nerve  growth  factor 
7-NI.  See  7-Nitroindazole 
Nicoderm,  317 
Nico-Fume  Liquid,  311 
Nicorette,  317 
Nico  Soap,  311 
Nicot  de  Villemain,  Jean,  304 
Nicotiana  tabacum , 304, 304 
Nicotine,  22, 146, 151 
action  mechanism,  306 
as  agonist,  80 
alertness  and,  209 
behavioral  effects  of,  307-309 
binding  in  brain,  106-107 
biological  function  of,  3 1 1 
classification  of,  195 
endocannabinoid  system  and,  340 
half-life  of,  18, 305-306 
history  of  use,  304 
inhalation  of,  10 
pharmacology  of,  304-306 
physiological  effects  of,  309-311 
as  reinforcer,  114 
reward  mechanism  and,  200 
role  in  cigarette  smoking,  315-316 
structure  of,  304 
tolerance  to,  28 
toxicity  of,  310,  311 
Nicotine  abstinence  syndrome,  312, 
316 

Nicotine  gum,  315,  317,  318 


Nicotine  inhaler,  317, 318 
Nicotine  lozenge,  317, 318 
Nicotine  nasal  spray,  317,  318 
Nicotine  patches,  10 
Nicotine  poisoning,  310,  311 
Nicotine  replacement  therapy, 
315-316,316,317-318 
advantages  and  disadvantages  of, 
318 

Nicotine  resource  model,  314 
Nicotine  vaccine  (NicVAX),  318 
Nicotinic  antagonists,  147 
Nicotinic  cholinergic  receptors 
(nAChRs),  306,  306 
Nicotinic  receptors,  146-147, 147 
desensitization,  147, 147 
structure,  146, 147 
Nicotinoids,  311 
Nicotrol,  317 
Nicotrol  Inhaler,  317 
Nicotrol  NS,  317 

Nigrostriatal  dopamine  pathway,  128 
neuroleptics  and,  453 
Nigrostriatal  tract,  125, 125, 127, 128 
NIMH.  See  National  Institute  of  Men- 
tal Health 

Nitric  oxide  (NO),  66, 77-78, 124, 172 
synthesis  of,  268 
Nitric  oxide  synthase  (NOS),  77 
Nitrites,  366-367 
7-Nitroindazole  (7-NI),  77-78 
NMDA  glutamate  receptors,  368 
NMDA  (N-methyl-D-aspartate),  167, 
173,  232-233,  335 

NMDA  receptor  antagonists,  174-175, 
175,  360 

NMDA  receptors,  74, 167-168, 168 
ischemia  and,  174-175, 175 
learning  and  memory  and,  169-173 
pain  perception  and,  172-173 
tolerance  and  dependence  and, 
267-268 

NMS.  See  Neuroleptic  malignant  syn- 
drome 

N-nitro-L-arginine  methyl  ester 
(l-NAME),  77-78 
NO.  See  Nitric  oxide 
Nociceptors,  256 
Node  of  Ranvier,  35,  36 
Noncompetitive  antagonists,  26 
Non-match-to-position  task,  337 
Nonproprietary  names,  8 
Nonspecific  actions,  232 
Nonspecific  drug  effects,  4 


Nootropics,  163 
Noradrenergic,  120 
Noradrenergic  system 

adrenergic  agonists,  134-135 
adrenergic  receptors,  135-136, 136 
adrenoreceptors  in,  134 
ascending,  132-133 
drugs  affecting,  136 
organization  and  function  of, 
132-136 

Norepinephrine  (NE),  81, 120 
ADHD  medications  and,  298 
affective  disorders  and,  402 
antidepressants  and,  405 
anxiety  and,  123, 434-435 
autoreceptors,  123 
behavioral  functions  of,  134-135, 
135 

cigarette  smoking  and,  310 
cocaine  and,  279-280 
dual  NE/5-HT  modulators  and,  398 
MAO-Is  and,  395,  396 
as  neurotransmitter,  66 
peripheral  nervous  system  and,  133 
schizophrenia  and,  467 
serotonin-norepinephrine  hypothe- 
sis of  depression,  405 
structure  of,  354 
transmission  of,  124 
tricyclic  antidepressants  and,  397 
Norepinephrine  transporter,  123 
Norflex  (orphenadrine),  144 
Normorphine,  249 
Norpramine  (desipramine),  136,  288, 
395,  397, 429, 429 
Northern  blot,  96,  99 
Nortriptyline,  397 
NOS.  See  Nitric  oxide  synthase 
Novel-object-recognition  task,  172, 

172 

Novelty  seeking,  alcohol  use  and,  239 
Novocaine  (procaine),  45,  280 
NT-3.  See  Neurotrophin-3 
NT-4.  See  Neurotrophin-4 
Nubain  (nalbuphine),  247-248, 251 
Nucleotides,  antisense,  104 
Nucleus,  neuron,  35 
Nucleus  accumbens  (NA),  58 
alcohol  effects  on,  234, 236 
cannabinoid  reinforcement  and, 

339 

cocaine  effects  on,  282-283,  283 
drug  reinforcement  and,  285 
nicotine  and,  309 
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opiate  withdrawal  and,  264 
opioid  reinforcement  and,  261-262, 
262 

self- administration  of  PCP  into, 

360,  360 

sensitization  and,  287 
stress  and,  86 

Nutrition,  alcohol  use  and  inadequate, 
228 

O 

Obesity 

continuum  of  symptomatology,  207 
drugs  for,  156-157 
as  relapsing  disorder,  190 
SSRIs  for,  398 
Obsessions,  416, 417 
Obsessive-compulsive  disorder  (OCD), 
411,416-418 

antidepressants  for,  429, 429 
neurobiological  model  of,  419-420 
prepulse  inhibition  of  startle  and, 
448 

Occipital  lobe,  59,  59 
OCD.  See  Obsessive-compulsive 
disorder 

Oculomotor  nerve,  51 
ODN,  181 

Odyssey,  The  (Homer),  246 
Office  of  National  Drug  Control  Policy, 
327 

Off-label  use,  156 
6-OHDA  (6-hydroxydopamine) 
dopaminergic  system  and,  132 
neurotoxic  lesions  and,  92, 125, 127, 
235,  282,  309 

noradrenergic  system  and,  136 
opioid  reinforcement  and,  262 
8-OH-DPAT  [8 -hydroxy-2 -(di-n- 

propylamino)tetralin],  71,  79, 158, 

160 

Olfactory  bulb,  56,  59 
Olfactory  nerve,  51 
Oligodendroglia,  36,  38,  39,  39 
Open  field  test,  110 
Operant  analgesia  testing,  115 
Operant  chamber,  113, 113 
Operant  conditioning,  28,  30, 113-116 
Operant  conflict  tests,  432 
Opiates,  22 

abstinence  syndrome,  263, 264 
abuse/addiction  and,  263-264 
bioassay,  251 

central  nervous  system  effects  of, 
248-249 


dependence  on,  263-264 
endocannabinoid  system  and,  340 
endogenous,  253-254 
gastrointestinal  tract  effects  of,  249 
model  of  tolerance  and  withdrawal, 
264-265,  265 

opium,  187, 188-189, 246,  246 
pain  and,  256-260 
patterns  of  drug  use  and,  192, 192 
reinforcement  and,  260-262 
relationships  between  natural  and 
synthetic,  248 

reward  mechanism  and,  200 
sensitization  to,  263 
tolerance  to,  262-263 
treatment  for,  266-270 
withdrawal  from,  123, 123 
See  also  Heroin;  Morphine 
Opioid  receptors,  249-250,  250 
distribution  in  brain,  250 
G proteins  and,  254-256 
subtypes,  250,  252 
Opioid  systems 

alcohol  effects  on,  235-237, 237 
drug  reinforcement  and,  209 
Opium,  246,  246 

historical  use  of,  187, 188-189 
Opponent-process  model  of  drug 
addiction,  202-204,  204 
Optic  nerve,  51 

Oral  administration  (PO),  7-8, 10, 11 
Oral  contraceptives,  19 
Oral-Turinabol  (chlordehydromethyl- 
testosterone),  376 
Orbitofrontal  cortex 

in  depressed  patients,  404 
obsessive-compulsive  disorder  and, 
419 

Orlamm  (L-a-acetyl-methadol),  270 
Orphan  receptor,  180 
Orphenadrine  (Norflex),  144 
Osmotic  minipump,  312 
Ovaries,  82 

Oxandrolone,  375,  376 
Oxazepam  (Serax),  418, 423 
Oxymethalone,  375 
Oxymetholone,  376 
Oxymorphone,  249, 251 
Oxyradicals,  127 
Oxytocin,  83 
P 

PAG.  See  Periaqueductal  gray 
Pain 

ascending  pain  pathways,  257 


descending  modulatory  pathways, 
259,  260 
early,  256 
late,  256-257 

NMDA  receptors  and  perception  of, 
172-173 

opiates  and,  256-260 
psychological,  248 
quantification  of,  256 
Pallidum,  ventral,  262 
Pan,  414 
Panaeolus,  348 
Panic  attacks,  288, 413-414 
Panic  disorder,  413-414 
caffeine  and,  320 

genetic  predisposition  for,  414, 416 
SSRIs  for,  398 
Pap  aver  somniferum , 246 
Para-chloroamphetamine,  154, 157 
Para-chlorophenylalanine  (PCPA),  78, 
153, 160 

Parahippocampus,  444 
Paranoid  psychosis,  cocaine  use  and, 
288 

Paranoid  schizophrenia,  444 
Parasympathetic  division,  of  autonom- 
ic nervous  system,  53 
characteristics  of,  53 
muscarinic  receptors  and,  149 
Parasympathetic  ganglia,  53 
Parasympatholytic  agents,  150 
Parasympathomimetic  agents,  150 
Paraventricular  nucleus,  134-135, 135 
Parietal  lobe,  59, 59 

Parietal-temporal-occipital  association 
cortex,  60 

Parke  Davis  Sc  Co.,  277 , 358 
Parkinson,  James,  127 
Parkinsonian  symptoms,  453, 453 
Parkinsonism,  neuroleptics  and, 
453-454,454  ^ 

Parkinson’s  disease  (PD) 

amphetamine  use  and  development 
of,  295, 296 

dopamine  pathways  and,  57 
drug-induced,  119 
electrophysiological  stimulation 
and,  94, 95 

istopathology  of,  126-127, 127 
nigrostriatal  tract  and,  125 
obsessive-compulsive  disorder  and, 
418 

substantia  nigra  and,  57 
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Parnate  (tranylcypromine),  124,  395, 
395, 403, 429 

Paroxetine  (Paxil),  395,  398, 419 
Partial  agonists,  247 
Partnership  for  Drug-Free  America, 

289 

Passive  diffusion,  1 1 

Patch  clamp  electrophysiology,  95 

Patent,  drug,  109 

Pavlovian  conditioning,  29-30,  30 
Paxil  (paroxetine),  395,  398, 419 
PB.  See  Pyridostigmine  bromide 
PCP.  See  Phencycljdine 
PCPA.  See  Para-c hlorophenylalanine 
PD.  See  Parkinson  s disease 
Pemberton,  John,  277 
Pemoline  (Cylert),  297 
Penifluridol,  451 
Pentazocine  (Talwin),  247,  249 
Pentobarbital  (Nembutal) 
chemical  structure  of,  421 
effects  on  sleep  cycles,  427 
as  reinforcer,  114 
street  names,  423 

Pentothal  (thiopental),  421, 421, 422 
Pentylenetetrazol  (Metrazol),  179 
Peptide  hormones,  84 
Performance,  caffeine  and,  320-321, 

321 

Periaqueductal  gray  (PAG),  57 
opiate  withdrawal  and,  264 
pain  and,  259,  260, 260 
Peripheral  nervous  system  (PNS) 
autonomic  nervous  system,  50, 
52-53 

cholinergic  neurons  and,  144-146 
cranial  nerves,  48,  50,  51 
norepinephrine  and,  133 
somatic  nervous  system,  48-50 
spinal  nerves,  48, 49 
Perphenazine  (Trilifon),  447, 449 
Personality  factors  in  drug 
abuse/addiction,  210-211 
PET.  See  Positron  emission  tomography 
Pethidine,  251 

Peyote  cactus  (Lophophor  williamsii)y 
348,  348 

pH,  of  body  fluids,  11-12, 12 
Phagocytosis,  174, 174 
Pharmacodynamics,  defined,  2 1 
Pharmacodynamic  tolerance,  28,  222, 
263 

Pharmacokinetic  factors,  7,  7 
Pharmacology 


defined,  4 
reverse,  331 
role  of  placebo,  6 
Pharmacotherapies 

for  alcoholism,  242-243 
for  cocaine  abuse/dependence, 
288-290 

Phase  II  metabolism,  18 
Phase  I metabolism,  18 
Phenazocine,  249 

Phencyclidine-induced  psychosis,  446 
Phencyclidine  (PCP,  Sernyl),  23 
dissociative  anesthesia,  358-359 
endogenous  ligands,  180 
history  of,  358 

as  NMDA  receptor  antagonist,  360 
NMDA  receptors  and,  168-169, 169 
pharmacology  of,  358-359 
psychosis  and,  446 
reinforcing  effects  of,  359-360 
schizophrenia  and,  362 
structure  of,  358 

Phenelzine  (Nardil),  79, 124, 132, 136, 
395, 395, 429 

Phenethylamine  hallucinogens, 
353-354,  354 

interactions  with  5-HT  receptor 
subtypes,  354 

Phenobarbital  (Luminal),  27,  28 
chemical  structure  of,  421 
duration  of  action,  422, 422 
metabolism  of,  18 
potency  of,  418 
Phenothiazines,  447, 450-451 
Phentermine,  156, 157 
Phenylephrine,  134, 134, 136 
Phenytoin,  17, 28 
Phobias,  413, 414-415 
list  of  common,  415 
social,  415 

Phosphodiesterase,  322, 407 
Phosphoinositide  second-messenger 
system,  76,  76 
Phospholipids,  11 
Phosphorylate,  75 
Physical  Culture , 328 
Physical  dependence,  263 
Physical  dependence  model  of  drug 
addiction,  196-198, 198 
Physiological  antagonism,  26,  27 
Physostigmine  (Eserine),  15,  79, 
141-142,143,151 
Picrotoxin,  232 
Pilocarpine,  150, 151 


Pilocarpus  jab orandi,  150 
Pimozide,  285,451 
Pindolol,  79 
Pineal  gland,  82 
Pinocytotic  vesicles,  14 
Pipamperone,  451 
Pirenperone,  356 
Pituitary  gland,  82-83 
PKA.  See  Protein  kinase  A 
PKC.  See  Protein  kinase  C 
PKG.  See  Protein  kinase  G 
Placebo,  4,  6 

Place  conditioning,  381,  382 
Place-conditioning  apparatus,  113 
Placental  barrier,  15-16 
Plaques,  neuritic,  148-149, 149 
PNS.  See  Peripheral  nervous  system 
PO.  See  Oral  administration 
Poe,  Edgar  Allen,  388 
Poisons,  69, 140 

effects  on  axon  conduction,  44-45 
Polarized,  40 

POMC.  See  Pro-opiomelanocortin 
Pondimin,  156, 157 
Pons,  55,  56 

Positive  reinforcement  model  of  drug 
addiction,  198-199, 199 
Positive  symptoms  of  schizophrenia, 
444, 466 

Positron  emission  tomography  (PET), 
102, 103 

DAT  occupancy  and,  284 
of  major  depression,  403-404, 404 
in  vivo  binding  and,  97 
Posterior,  49 

Posterior  pituitary,  82-83 
Postscript  inhibition,  254, 255 
Postsynaptic  cell,  64 
Post-traumatic  stress  disorder  (PTSD), 
415-416 

Potassium  channels,  74 

dopamine  receptors  and,  128-129 
muscarinic  receptors  and,  148 
Potassium  ions,  41-43 
Potency,  24 

administration  routes  and,  352 
of  amobarbital,  418 
of  cocaine,  251 
of  diazepam,  418 
of  hallucinogens,  352,  352 
of  marijuana,  328 
of  phenobarbital,  418 
rank  order  of,  108 
Potentiation,  26, 27 


550  Subject  Index 


PPI  See  Prepulse  inhibition  of  startle 
Prazosin,  136, 136 
Precedex  (dexmedetomidine),  134 
Precipitated  withdrawals,  341 
Precursor,  66 
Precursor  therapy,  120 
Prefrontal  association  cortex,  59 
Prefrontal  cortex,  60 
Prepulse  inhibition  of  startle  (PPI), 
446, 448-449 

Presynaptic  autoreceptors,  254,  255, 

255 

Presynaptic  cell,  64 
Presynaptic  facilitation,  65 
Presynaptic  inhibition,  65 
Primary  auditory  cortex,  59,  59 
Primary  cortex,  60 
Primary  motor  cortex,  59,  60 
Primary  somatosensory  cortex,  59,  59, 
258 

Primary  visual  cortex,  59, 59 
Primers,  209,  266 
Priming,  69 
PRL.  See  Prolactin 
Problem  behavior  theory,  193 
Procaine  (Novocaine),  45,  280 
Prochlorperazine,  449 
Prodynorphin,  253, 253 
Proenkephalin,  253,  253 
Profadol,  251 
Progesterone,  82 
Programmed  cell  death,  174 
Progressive  ratio,  198 
Prohibition  (Eighteenth  Amendment), 
188,  189,217 
Projection  neurons,  178 
Prolactin  (PRL),  82,  84, 452, 454 
Prolixene  (fluphenazine),  285, 447, 
447, 451 

Promazine  (Prazine),  447, 447, 451 
Promotor  region,  36 
“Proof”  (alcohol),  217 
Pro-opiomelanocortin  (POMC),  253, 
253 

Propeptides,  253 

Propoxyphene  (Darvon),  248,  249 
Propranolol,  136, 136 
Proprietary  name,  109 
Prostaglandins,  221 
Prostigmin  (neostigmine),  15, 142, 

143, 147, 151 

Protein  kinase  A (PKA),  76,  76 
Protein  kinase  C (PKC),  76,  76,  268 
Protein  kinase  G (PKG),  76, 76 


Protein  kinases,  75-76,  76 
Protein  synthesis,  36-37,  37 
Protriptyline,  397 
Prozac.  See  Fluoxetine 
Pruning,  462 
Pseudoephedrine,  293n 
Psilocin,  348,  353 
Psilocybe,  348 

Psilocybin,  23,  348-350,  350,  353,  355, 
355 

Psychedelics  (hallucinogens),  22-23, 
348 

Psychedelic  therapy,  352 
Psychiatric  disorder,  cocaine  and 
comorbid,  286 
Psychoactive  drugs,  1 1 

discriminative  stimulus  effects  and, 
209 

Psychoeducation,  451 
Psychological  factors,  in  alcoholism, 
239 

Psychological  pain,  248 
Psycholytic  therapy,  350 
Psychomotor  performance,  marijuana 
use  and,  337 

Psychomotor  stimulants,  275 
Psychopharmacology,  4 
Psychosis,  442 

marijuana-induced,  335 
See  also  Bipolar  disorder;  Schizo- 
phrenia 

Psychosocial  rehabilitation,  242 
Psychosocial  treatment  programs,  for 
cocaine  abuse/dependence, 
290-291 

Psychostimulant  action,  brain  imaging 
of,  283-284,  284 
Psychostimulants 

reinforcement  and,  285 
stress  and,  85-86 
Psychotherapeutic  drugs,  23 
Psychotic  reactions,  amphetamine  use 
and,  295 

Psychotomimetic  drugs,  348 
Psychotria  viridis , 350 
PTSD.  See  Post-traumatic  stress 
disorder 

Pure  antagonists,  247 

Pure  Food  and  Drug  Act  (1906),  188, 

188 

Purkinje  cells,  45, 178 
Putamen,  57 
Pyramidal  cell,  45 

Pyramidal  neurons,  glutamate  and,  166 


Pyramiding,  anabolic  steroid,  378 
Pyridostigmine  bromide  (PB), 

143-144 

Pyridostigmine  (Mestinon),  142,  143, 

143, 151 

Q 

Quinpirole,  129, 132 

R 

R121919, 407 
Raclopride,  449, 456 
[nC]Raclopride,  289 
Radial  arm  maze,  110, 110,  308,  337 
Radioimmunoassay  (RIA),  96, 98-99, 
99 

Radioisotopes,  102 
Radioligand  binding,  95-97, 97 
Rank  order  of  potency,  108 
Raphe  nuclei,  56, 155 

serotonergic  pathways,  406 
Rate-limiting  enzyme,  120 
Rational-emotive  therapy,  242 
Rational  Recovery  (RR),  242 
Rauwolfia  serpentina , 122 
Raves,  296,  370 
Reactive  depression,  386 
Rebound  depression,  alcohol  with- 
drawal and,  235 

Rebound  hyperactivity,  opiate,  264 
Reboxetine,  124 
Receptor  antagonists,  25-27 
Receptor  autoradiography,  96, 97 
Receptor  binding  studies,  403 
Receptor  cloning,  250,  252 
Receptor-drug  interactions,  21-27 
Receptors,  21, 37 
a-,  134-135 

adrenoreceptors,  134-135 
AMPA,  167, 170-172 
(3-,  134-135 
cannabinoid,  331 
extracellular,  21-^4 
intracellular,  2 1-24,  24 
ionotropic.  See  Ionotropic  receptors 
kainate,  167 

metabotropic.  See  Metabotropic 
receptors 

muscarinic,  147-150, 150 
neurotransmitter,  21, 21 
nicotinic,  146-147, 147 
NMDA.  See  NMDA  receptors 
opiate.  See  Opiate  receptors 
orphan,  180 

quantifying  and  locating,  95-100 
serotonin.  See  Serotonin  receptors 
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subtypes,  24,  72 
Receptor  up-regulation,  132 
5 a- Reductase,  378 
Redux,  156-157 
Reefer  Madness , 328,  328 
Refractory  period 
absolute,  47 
relative,  43-44 
Reinforcement 

amphetamine  and,  295 
anabolic  steroids  and,  382 
assessing,  114-115 
barbituates  an3, 422-423 
cannabinoids  and,  338-340 
cocaine  and,  280-281, 282,  286 
drugs  that  act  as,  114 
gamma-hydroxybutyrate  and,  372 
inhalants  and,  367, 367 
ketamine  and,  359-360 
negative,  115-116 
nicotine  and,  305,  309 
opiates  and,  260-262 
phencyclidine  and,  359-360 
psychostimulants  and,  285 
schedule  of,  1 13-1 14 
Relapse,  190,  212 

Relapse  prevention  training,  291,  342 
Relative  refractory  period,  43-44 
Reliability,  108 
Remeron  (mirtazapine),  395 
Remissions,  190 
Remoxipride,  446, 446, 456 
REM  sleep,  425 
alcohol  and,  226 
amphetamine  and,  295 
barbituates  and,  422 
depression  and,  390-392,  392 
serotonergic  activity  and,  156 
Renal  excretion,  20 
Reposans  (chlordiazepoxide),  109 
Reproductive  function,  marijuana  use 
and,  345 

Research  methods 

animal  testing,  107-108 
antibody  production,  97-98 
assays  of  enzyme  activity,  97 
autoradiography,  100-101 
deep  brain  stimulation  therapy,  89 
DNA  microarrays,  99-100 
electroencephalography,  103-104, 
104 

electrophysiological  stimulation  and 
recording,  94-95, 95 


evaluating  animal  behaM  r. 

105-116 

gene  replacement,  104—  . '5 
genetic  engineering-  1 CM—  1 05 
imaging  techniques.  101-103 
immunocytochemistrv.  - ^ 98 
lesioning,  90-92 
microdialysis,  92-94.  94 
microinjection,  90-91 
radioimmunoassa  • 9 5-99, 99 
radioligand  binding,  95-97,  97 
receptor  autoradiography,  97 
in  situ  hybridization,  99, 100 
stereotaxic  surger  90-95, 95 
targeted  mutations,  104 
in  vivo  receptor  binding,  97 
Resensitization,  of  nicotinic  receptors, 
147 

Reserpine 

catecholamine  depletion  and,  121, 
122, 122 

dopaminergic  system  and,  132 
effects  on  locomotion,  401-402, 402 
neurotransmitter  storage  and,  79 
noradrenergic  system  and,  136 
serotonergic  system  and,  153 
Reserpine-induced  sedation,  392 
Resistol,  265 
Resistoleros,  365 

Resting  membrane  potential,  40, 40, 41 
Reticular  formation,  55 
Retrograde  messenger,  172,  332 
Retrograde  signaling,  by  endocannabi- 
noids,  332,  333 
Reuptake,  71, 71 

catecholamine  inactivation  and, 
123-124 

Reverse  pharmacology,  331 
Reverse  tolerance,  30-31,  267 
Revex  (nalmefene),  270 
Reward 

assessing,  114-115 
drugs  of  abuse  and  mechanisms  of, 
200-201 
measures  of,  113 
See  also  Reinforcement 
Reward  sensitivity,  211 
RIA.  See  Radioimmunoassay 
Rifampicin,  28 

Rimonabant  (SR  141716),  331 
Risperidone  (Risperdal),  159,  355, 447, 
454, 456, 457 

Ritalin.  See  Methylphenidate 
Ritanserin,  159, 160,  356 


Rivastigmine  (Exelon),  149 
Rohypnol  (flunitrazepam),  371,  424, 

431 

‘Roid  rage,  379,  381 
Rolfe,  John,  304 
Rolipram,  407 

Romazicon  (flumazenil),  181, 423,  426 

Rostral,  49 

Rosy  periwinkle,  5 

RR.  See  Rational  Recovery 

RTI-55  (P-CIT),  277, 278 

S 

Sabina,  Maria,  349,  349 
Sabril  (vigabatrin),  177 
Sagittal  sections,  49-50 
Saltatory  conduction,  44 
Sanofi  Recherche,  331 
Saponaria  officinalisy  145 
Saporin,  145 
Sarin,  143, 151 
Saturability,  96 
Saxitoxin,  45 
SB-27701 1-A, 285, 285 
SC.  See  Subcutaneous  administration 
SCH  23390, 129, 132 
Schedule  of  Controlled  Substance, 
194-195,195 

Schedule  of  reinforcement,  113-114 
Schizophrenia 

animal  models  of,  445-446, 

448-449 

atypical  antipsychotics  for,  456-457 
biopsychosocial  interaction  and, 
462, 463 
catatonic,  444 
characteristics  of,  442-445 
description  of  episode,  441 
developmental  errors  and  develop- 
ment of,  462 
diagnosis  of,  443-444 
dopamine  hypothesis  of,  463-465 
dopamine  imbalance  hypothesis  of, 
465 

dopamine  receptor  antagonists  and, 
129 

etiology  of,  458-463 
Genain  quadruplets,  464-465 
genetic  factors  in,  460-462 
glutamate-dopamine  model  of,  467 
hebephrenic,  444 
lifetime  risk  of  developing,  461 
long-term  outcomes  of,  445 
LSD  model,  350,  351 
neurochemical  models  of,  463-467 
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neurodevelopmental  model  of, 
465-467, 467 
paranoid,  444 

PCP-ketamine  model  of,  362 
serotonin  receptors  and,  159 
subtypes,  444 
symptoms  of,  442-444 
traditional  neuroleptics  for,  447, 
450-456 

undifferentiated,  444 
vulnerability-stress  model  of,  462, 

463 

Schwann  cells,  36,  38-39,  39 
Scopolamine,  10, 145, 150, 151 
Secobarbital  (Seconal),  421, 421, 422, 
423 

Secondary  cortex,  60 
pain  and,  258 

Secondary  motor  cortex,  60 
Second  messengers,  74 
action  mechanism,  75 
Second-messenger  systems,  75-78 
alcohol  effects  on,  232 
Sections,  49 

Sedation,  reserpine-induced,  392 
Sedative-hypnotics,  22, 420 
Seizures,  46 

Selective  D2  receptor  antagonists,  456 
Selective  serotonin  reuptake  inhibitors 
(SSRIs),  154,  398-399 
action  mechanism,  398 
for  anxiety  disorders,  429,  429,  430 
effects  on  locus  coeruleus,  434-435, 
435 

for  obsessive-compulsive  disorder, 
419 

side  effects  of,  398-399 
Self- administration,  114-115, 115, 198, 
198 

Self-help  groups,  242.  See  also 
Twelve-step  programs 
Self-medication  hypothesis,  211 
Sensitization,  27,  30-31 
cocaine,  286-287,  287 
cross-,  31 
expression,  287 
induction,  287 
nicotine,  310 
opiate,  263 
Sensory  afferents,  48 
Sensory  neurons,  45 
Sensory  stimuli,  role  in  cigarette  smok- 
ing, 316 


Serax  (oxazepam),  418, 423 
Sereen  (chlordiazepoxide),  109 
Serentil  (mesoridazine),  447 
D-Serine,  168 
Sernyl.  See  Phencyclidine 
Serotonergic  agents,  for  alcoholism, 
243 

Serotonergic  autoreceptors,  153 
Serotonergic  neurons,  152, 154, 154, 
155 

Serotonergic  pathways,  MDMA  and 
damage  to,  298-299,  299 
Serotonergic  system 
anatomy  of,  155, 155 
drugs  affecting,  160 
organization  and  function  of, 
155-160 

properties  of,  155-157 
serotonin  receptors,  157-159 
Serotonin  (5-HT),  78, 151 

affective  disorders  and,  402-405 
antidepressant  effects  in  animals, 
404-405, 405 
cocaine  and,  279-280,  283 
dual  NE/5-HT  modulators  and,  398 
effects  of  antidepressants  on,  429 
fenfluramine  and,  84,  86 
inactivation  of,  153 
lithium  carbonate  and,  400 
MAO-Is  and,  395 
MDMA  and,  296,  298 
measuring,  403-404 
as  neurotransmitter,  66 
release  of,  152 
role  in  anxiety,  437 
schizophrenia  and,  467 
serotonin-norepinephrine  hypothe- 
sis of  depression,  405 
synthesis  of,  151-152, 152 
transport  of,  153-154 
tricyclic  antidepressants  and,  397, 
397 

See  also  Serotonergic  system 
Serotonin  (5-HT2)  receptor  agonists, 
hallucinogens  and,  354-356 
Serotonin  (5-HT2)  receptors,  atypical 
antipsychotics  and,  456-457, 457 
Serotonin  (5-HT)  transporter,  154 
Serotonin  receptors,  157-159 
5-HT2A  receptor  antagonists, 
355-356, 356 

5-HT1A  receptors,  158-159, 159 
5-HT2A  receptors,  158, 159 


Serotonin  syndrome,  398 
Sertraline  (Zoloft),  18,  23,  395,  397, 
398, 429 

Sexual  response,  effect  of  alcohol  on, 
224, 225,  229, 229 
Shaman  Pharmaceuticals,  5 
Sherrington,  Charles,  64 
Short/intermediate-acting  barbituates, 
421,422 

Short-term  memory,  test  of,  1 12 
Shuttle  box,  116 
Side  effects,  4 
Sildenafil  (Viagra),  78, 129 
Single-photon  emission  computerized 
tomography  (SPECT),  102 
Sinsemilla,  328 
SKF  38393, 129, 132 
Skinner  box,  113, 113 
Sleep 

treating  insomnia,  425-427 
typical  sleep  pattern,  425 
Sleep  deprivation  therapy,  393 
Sleep  disorders,  caffeine-induced,  323 
Sleep  phase  shifting,  393 
Sleep  rhythms,  depression  and, 
390-392,  392 

Smith,  Kline  8c  French,  293 
Snake  root  (Rauwolfia  serpentina),  122 
Social  facilitation,  drugs  of  abuse  and, 
211 

Social  interaction  test,  418 
Social  phobia,  415 
Social  roles,  drugs  of  abuse  and,  211 
Sociocultural  factors 
in  alcoholism,  241 
in  experimental  drug  use,  208 
Sodium  ions,  40-44,  74 
Soma,  35,  36-37, 45 
Soman,  143, 151 
Somatic  nervous  system,  48-50 
Somatodendritic  ailto receptors,  70,  70 
Somatosensory  association  cortex,  59 
Sominex,  426 
Spatial  learning 

NMDA  receptors  and,  169 
tests  of,  1 10-112 
Specific  actions,  232 
Specific  drug  effects,  4 
Specificity,  96 
Specific  neurotoxins,  92 
SPECT.  See  Single-photon  emission 
computerized  tomography 
Speech,  inner,  444 
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“Speedball,”  294 
Spinal  accessory  nerve,  51 
Spinal  cord,  54-55,  55 

inhibition  of  pain  transmission  to, 
259, 259 

Spinal  interneurons,  259 
Spinal  nerves,  48, 49 
Spiperone,  449 
Spiroperidol,  451 
Spontaneous  recovery,  211-212 
SR  141716  (rimonabant),  331,  335, 
338,  340,  341 

SSRIs.  See  Selective  serotonin  reuptake 
inhibitors 
St.  John’s  wort,  6 
Stacking,  anabolic  steroid,  378 
Stanozolol,  375,  376 
State-dependent  learning,  30, 30 
Status  epilepticus,  424,  426 
Stelazine  (trifluoperazine),  447, 447 
Stereotaxic  surgery,  90-95,  95 
Stereotyped  behaviors,  122 
cocaine  and,  282 
Steroids,  81-82,  84.  See  also 

Anabolic-androgenic  steroids 
Strattera  (atomoxetine),  298 
Street  names,  8, 18 
barbituates,  423 
Stress 

affective  disorders  and,  389-390 
alcoholism  and,  239 
cigarette  smoking  and,  314-315 
drug  abuse/addiction  and,  210-21 1 
early  experience  and  response  to, 
436-437 

hormone  secretion  and,  82 
major  depression  and,  386,  394 
psychostimulants  and,  85-86 
Stress-diathesis  model  of  depression, 
394 
Striatum 

amphetamine  use  and  damage  to, 
295,  296 

cocaine  effects  on,  282-283,  283 
degeneration  of  dopaminergic 
fibers  in,  127-128, 128 
Parkinson’s  disease  and,  126, 127 
Stroke,  174-175, 175 
cocaine  use  and,  288 
Stropharia , 348 
Strychnosmyrotoides , 5 
Subcutaneous  (SC)  administration, 
9-10,10,11 


Substance  abuse 

criteria  for,  19.  191 
defined,  237 

See  also  Drug  i:  c . - 

Substance  Abuse  and  VksL  Health 
Servi  c 

Substance  dependence 
criteria  for.  > 191 
defined,  237 
See  l 

Substance- inc_;rc  i_>  )—  1 9 1 . 

See  also  Drug  abased addiction 
Substa:  -255 

Substantia  r. . r - . 5"  '15,126 

Subui  ..-p tors,  73 

Succinate. 

Succinyicholiiie-  I4~.  151 

Sudden  sniffing  death  syndrome,  368 

Suicide 

creative  re:  r'e  and,  388 
major  depression  and,  386 
Sulci,  59 
Sulpiric^ 

Summation.  42—43 
Superior.  49 
Super:  r ce  liculus,  56 
Supraspinal  locations,  pain  and,  260 
rtibility  models  of  drug  addic- 
tion. 204, 204,  207 
Sydenham,  Thomas,  246 
Sydenham’s  chorea,  418 
Sympathetic  division,  of  autonomic 
nervous  system,  53 
characteristics  of,  53 
cocaine  and,  281 
Sympathetic  ganglia,  53 
Sympathomimetic  drug,  281 
Symptomatic  drinking,  239 
Synapses,  35, 64 

axoaxonic,  64-65, 65 
axodendritic,  64,  64,  65 
axosomatic,  64,  65 
cholinergic,  141, 144 
Synaptic  cleft,  64 
Synaptic  transmission 
endocrine  vs.,  80-81,  81 
pharmacology  of,  78-80 
Synaptic  vesicles,  36,  64 

catecholamine  storage  and  release 
in, 121-123 

GABA  transport  and,  176-177 
glutamate  storage  and  release  from, 
164-165 


life  cycle  of,  68-70, 70 
neurotransmitter  release  and,  67-68 
Synesthesia,  353 

T 

T4.  See  Thyroxine 
T3.  See  Triiodothyronine 
Tacrine  (Cognex),  149 
Tactile  hallucinations,  442 
Tagamet,  219 
Tail-flick  test,  1 10, 1 10 
Talwin  (pentazocine),  247 
Tar,  305,317 

Tardive  dyskinesia  (TD),  454, 454 
Targeted  mutations,  104 
Tasmar  (tolcapone),  124 
Tau,  149 

TCA.  See  Tricyclic  antidepressants 
TD.  See  Tardive  dyskinesia 
TD50  (50%  toxic  dose),  25,  25 
Tea,  as  caffeine  source,  319 
Tectum,  57 
Tegmentum,  57 

Tegretol  (carbamazepine),  3, 19,  23, 

401 

Telencephalon,  58 
Temperance  movement,  187, 189 
Temporal  gyrus,  444 
Temporal  lobe,  56,  59,  59 
schizophrenic,  458 
Teratogenic  effects,  16, 16,  220 
Teratogens,  16 

Terminal  autoreceptors,  70, 70 
Terminal  buttons,  35,  36 
Tertiary  association  areas,  60 
Testes,  82 
Testosterone,  82 

anabolic  steroids  and,  375-376 
effects  on  muscle  volume,  377, 377 
Testosterone  cypionate,  376 
Testosterone  enanthate,  376,  377 
Testosterone  undecanoate,  376 
Tetanic  stimulus  (tetanus),  170, 171 
Tetrahydrodeoxycorticosterone,  181 
TH.  See  Tyrosine  hydroxylase 
Thalamus,  56,  57,  59 

effect  of  alcohol  use  on,  228 
hallucinations  and,  444 
obsessive-compulsve  disorder  and, 
419, 420 
pain  and,  258 

THC  (A9-tetrahydrocannabinol),  66, 
328, 329-330 
as  agonist,  80 
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detection  of,  17 

effects  on  learning  in  animals,  338, 

338 

effects  on  memory  in  animals, 
337-338 

half-life  of,  18,  330,  341 
inhalation  and  levels  of,  10 
marijuana  abuse  potential  and,  195 
reinforcing  effect  of,  338-339 
reward  mechanism  and,  200 
structure  of,  330 

time  course  of  plasma  concentra- 
tion of,  330,  330,  336 
See  also  Marijuana 
Thebain,  247 
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